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Significance of elevated serum 
and hepatic NOD‑like receptor 
pyrin domain containing 3 (NLRP3) 
in hepatitis C virus‑related liver 
disease
Hoda El Aggan1*, Sabah Mahmoud2, Nevine El Deeb3, Islam Eleishi1 & Assem El‑Shendidi1

NOD‑like receptor pyrin domain containing 3 (NLRP3) is a microbial and danger signal sensor that 
acts as a regulator of inflammation via activation of Caspase‑1 (CASP1) and has been identified as 
a major contributor to human liver diseases. The present study was conducted to investigate the 
association between NLRP3 and the progression of hepatitis C virus (HCV)‑related liver disease. 
Serum NLRP3 levels were analyzed in 49 patients with chronic HCV infection and 18 healthy controls 
and liver tissues from 34 patients were examined to assess the protein expression of NLRP3 and its 
activation marker CASP1 using immunohistochemical staining. The results showed that the median 
serum NLRP3 levels was significantly higher in HCV‑infected patients compared with healthy controls 
(1040 pg/ml vs 695 pg/ml respectively, P < 0.001) and were positively correlated with hepatic NLRP3 
and CASP1 expression (r = 0.749, P < 0.001 and r = 0.557, P = 0.001 respectively). The NLRP3 levels 
in serum and the liver significantly increased with worsening liver pathology and showed positive 
correlations with serum aminotransferases levels, HCV viremia, and albumin‑bilirubin score (P < 0.05). 
The receiver operating characteristic curve analysis revealed a high diagnostic performance of serum 
NLRP3 in determining the extent of liver necroinflammation, fibrosis, and steatosis (area under the 
curve = 0.951, 0.971, and 0.917 respectively, P < 0.001). In conclusion, NLRP3 plays an important 
role in liver disease progression during HCV infection via CASP1 activation and might be a promising 
therapeutic target. Serum NLRP3 could be an additional biomarker for liver inflammation and fibrosis.

Hepatitis C virus (HCV), a single-stranded RNA member of the Flaviviridae family, is a major cause of chronic 
liver disease leading to chronic hepatitis, progressive fibrosis,  and eventually cirrhosis with an increased risk for 
the development of hepatocellular  carcinoma1. Chronic HCV infection evolves a chronic inflammatory response 
in the liver due to the induction of pro-inflammatory cytokines upon recognition of pathogen-associated molecu-
lar patterns (PAMPs) and host-derived damage-associated molecular patterns (DAMPs) by pattern recognition 
receptors (PRRs) of the innate immune  system2. Sustained inflammatory stimuli promote hepatic stellate cells 
(HSCs) activation with the accumulation of extracellular matrix resulting in hepatic  fibrosis3. Also, the inflam-
matory response contributes to the accumulation of lipid droplets in the hepatocytes and the evolution of hepatic 
steatosis during HCV  infection4. Moreover, persistent, ongoing inflammation may increase the risk of long-term 
liver-related complications in patients with advanced chronic liver disease after direct-acting antiviral  therapy5. 
Defining the processes that promote hepatic inflammation by HCV is paramount for establishing approaches 
to minimize liver disease  progression6.

Nucleotide-binding and oligomerization domain (NOD)-like receptors (NLR) are cytosolic microbial and 
danger signal sensors/PRRs that act as key regulators of  inflammation7. Among the NLR family members, the 
NLR pyrin domain-containing 3 (NLRP3) is currently the best characterized and most extensively studied 
because of its role in many viral and inflammatory  diseases8. Upon recognition of PAMPs or DAMPs, NLRP3 
forms a multi-protein complex known as the inflammasome leading to proteolytic cleavage of procaspase-1 into 
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active Caspase-1 (CASP1), which in turn mediates the maturation of the pro-inflammatory cytokines interleukin 
(IL)-1β and IL-18 and triggers an inflammatory form of cell death known as  pyroptosis9,10. NLRP3 up-regulation 
requires a priming signal such as Toll-like receptors (TLRs), to activate nuclear factor kappa-B (NF-κB) result-
ing in its binding to the NLRP3 promoter. Once primed, NLRP3 can respond to cellular stimuli  leading to the 
assembly of NLRP3  inflammasome11.

Many RNA viruses can induce NLRP3 transcription by interacting with TLRs and promote NLRP3 inflam-
masome activation to influence the inflammatory  response12. NLRP3 plays a central role in the innate immune 
responses to viral infections through CASP1-mediated secretion of pro-inflammatory cytokines and induction 
of pyroptotic cell death leading to lysis of virus-infected  cells13. However, dysregulated inflammasome activation 
may result in a rapid and broad inflammatory response leading to virus  persistence12.

In the liver, NLRP3 is expressed in both hepatocytes and non-parenchymal liver cells and can sense and 
respond to various microbial particles that reach the liver by portal  circulation14. However, while NLRP3 is 
essential for defense against pathogens and danger signals, excessive activation of the NLRP3 inflammasome 
can trigger hepatocyte damage, immune cell activation, and amplification of liver inflammation and  fibrosis15,16. 
Also, NLRP3 is involved in the pathogenesis of hepatic  steatosis17. NLRP3 activation has been identified as a 
major contributor to human liver  diseases17–19 and experimental models of liver  injury20–24. However, the role of 
NLRP3 in HCV-related liver disease has not been fully elucidated.

Therefore, the present work was conducted to investigate the association between NLRP3 and the progression 
of HCV-related liver disease by studying serum levels and hepatic expression of NLRP3 in patients with chronic 
HCV infection and their relation to the severity of liver injury and also, to explore whether serum NLRP3 could 
be a potential biomarker for HCV-related liver pathology.

Materials and methods
Study population. The present work is a case–control study and included a total of 49 treatment-naïve 
patients with HCV-related liver disease, who were referred between January 2018 to June 2019 to the Hepato-
biliary Unit, Department of Internal Medicine, at the Main Alexandria University Hospital, Alexandria, Egypt. 
The patients were 35 males and 14 females and their ages ranged between 23 and 55 years (mean ± s.d. = 40.07 ± 
7.34 years). All patients had seropositivity for HCV antibody and detectable serum HCV RNA and were selected 
from 73 HCV-infected patients after exclusion of hepatitis B virus infection; alcohol consumption; other causes 
of chronic liver disease; diabetes mellitus; hyperlipidemia; autoimmune diseases; other infectious or inflamma-
tory diseases; malignancy; cardiac, respiratory, or renal disease; and previous intake of anti-viral treatment or 
anti-inflammatory drugs. Also, 18 age- and sex-matched healthy subjects with no evidence of liver disease were 
included in the study. They were 14 males and 4 females and their ages ranged between 25 and 56 years (mean ± s
.d. = 42.61 ± 8.20 years). The study was conducted according to the Code of Ethics of the World Medical Associa-
tion (Declaration of Helsinki) and was approved by the Institutional Review Board/Ethics Review Committee 
of the Faculty of Medicine (Approval number: 0105325). Informed consent was obtained from all participants 
in the study.

Clinical and laboratory data. All patients were evaluated clinically focusing on age, sex, and manifesta-
tions of chronic liver disease. Abdominal ultrasonography was performed to assess liver size and echo pattern 
and the presence of cirrhosis, splenomegaly, and ascites. Laboratory investigations included complete blood 
picture, liver test profile [serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-
glutamyl transpeptidase (GGT), albumin, and bilirubin, prothrombin time (PT), and international normalized 
ratio (INR)], serum creatinine, serum sodium (Na), and serum high-sensitivity C-reactive protein (hsCRP), a 
marker of systemic inflammation. HCV RNA levels in serum were quantified using reverse transcription real-
time polymerase chain reaction (COBAS Ampliprep/COBAS TaqMan; Roche Diagnostic Systems AQ5, USA).

Assessment of the severity of liver dysfunction. The severity of liver  dysfunction  was assessed 
according to the Child–Pugh  classification25, the Model for End-Stage Liver Disease Sodium (MELDNa)  score26, 
and the albumin-bilirubin (ALBI) score in patients with  cirrhosis27. The Child–Pugh classification depends on 
5 parameters: encephalopathy, ascites, albumin, total bilirubin, and  PT25. The MELDNa score was calculated 
according to the following equation:

where the serum Na concentration is bound between 125 and 140 mmol/L26. The ALBI score was calculated as 
follows:

and was graded into grade 1 (score ≤ −2.60), grade 2 (score > −2.60 to ≤ −1.39) and grade 3 (score > −1.39)27.

Noninvasive liver fibrosis scores. The noninvasive liver fibrosis scores including AST to platelet ratio 
index (APRI) and Fibrosis-4 index (FIB-4) were calculated using the following equations:28.
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Measurement of serum NLRP3 levels by ELISA. Serum NLRP3 levels were measured in duplicate for 
each sample using a commercial sandwich-enzyme-linked immunosorbent assay (ELISA) kit (Human NACHT, 
LRR, and pyrin domains-containing protein 3 (NLRP3) ELISA Kit, INOVA, Beijing, China) according to the 
manufacturer’s instructions. The assay range was between 56–4000  pg/ml and the sensitivity of the kit was 
12  pg/ml. The intra-assay and inter-assay coefficients of variation were < 10% and < 12% respectively. Briefly, 
10 μl diluted sample (dilution factor was 5) and standards were added to the appropriate Microelisa stripplate 
wells pre-coated with an antibody specific to NLRP3 and incubated for 30 min at 37 ºC. Then, 50 μl Horseradish 
Peroxidase-conjugate reagent was added to each well except the blank control well and incubated for 30 min at 
37 °C. After free components were washed away, TMB (3,3’,5,5’-tetramethylbenzidine) substrate solution was 
added to each well and then, 50 μl stop solution was added to terminate the reaction. The color in the well 
changed from blue to yellow. The absorbance of the samples was measured spectrophotometrically at a wave-
length of 450 nm and its value was proportional to the concentration of NLRP3. The concentration of NLRP3 in 
sample was interpolated using the standard curve constructed by the ELISA reader model. The original concen-
tration was calculated by multiplying the dilution factor.

Histopathological examination. Core liver biopsies were collected from 34 patients with HCV-related 
liver disease and were fixed in 10% formalin solution, embedded in paraffin, sectioned (5 μm), and subsequently 
stained with hematoxylin–eosin and trichrome stains. Liver specimens were examined by an experienced 
pathologist who had been blinded to the clinical results. Histological activity grade (A0-A3) and fibrosis stage 
(F0-F4) were assessed according to the METAVIR scoring system. Cirrhosis was designated as fibrosis stage 
 F429. The grade of steatosis was determined as the percentage of lipid droplet-containing hepatocytes according 
to Brunt et al.30 as follows: grade 0: 0–2% (none), grade 1: 3–29% (mild), grade 2: 30–60% (moderate), and grade 
3: > 60% (severe).

Immunohistochemical staining. Immunohistochemical staining of NLRP3 and its activation marker 
CASP1 in the liver was performed. The streptavidin–biotin-peroxidase method was applied using the UltraVi-
sion LP detection system (Thermo Fisher Scientific, Fremont, CA, USA). Liver sections were deparaffinized and 
incubated with the following primary antibodies at 4 °C overnight in a humid chamber: anti-NLRP3 antibody 
(CSB-PA015871LA01HU)—rabbit polyclonal antibody at a dilution 1:20 (CUSABIO, Wuhan, Hubei Province, 
China); and anti-CASP1 (cleaved) antibody (MBS301007)—rabbit polyclonal antibody at a dilution 1:50 (MyBio-
Source, San Diego, CA, USA). Slides were then incubated with biotinylated goat anti-polyvalent (linking rea-
gent), followed by peroxidase-conjugated streptavidin, each for 20 min at room temperature. Tissue sections 
were washed with phosphate-buffered saline for 5 min after each step. A brown color reaction was developed by 
using 3–3 diaminobenzidine tetrahydrochloride mixture for 10 min. The slides were finally dehydrated, coun-
terstained with hematoxylin, and mounted. Negative control sections (where the primary antibody has been 
omitted), were included in each run.

Interpretation of immunohistochemical analysis. Cells with brownish granules in the cytoplasm 
were considered as positive cells and cells with no coloration or consistent with the background color were 
considered as negative cells. The staining intensity score for NLRP3 was classified as: 0 (negative), 1 (weak), 2 
(moderate) and 3 (strong), and the staining proportion score was classified as: 0 (0%), 1 (1–25%), 2 (26–50%), 3 
(51–75%) and 4 (76–100%). The final staining score for NLRP3 was calculated by multiplying the staining inten-
sity score by the staining proportion score and accordingly, patients were divided into two groups: low expression 
group (score 0–6) and high expression group (score 7–12)31. The staining intensity score for CASP1 was graded 
semi-quantitatively as score 0 (negative), score 1 (weak), score 2 (moderate), and score 3 (strong)32.

Statistical analysis. Statistical analysis was performed using SPSS 22.0 software (Armonk, NY: IBM 
Corp.). The normality of data was determined by Kolmogorov–Smirnov and Shapiro–Wilk tests. Continuous 
variables were expressed as mean ± standard deviation (s.d.) if normally-distributed and as median (interquartile 
range (IQR)) if non-normally distributed. Categorical variables were presented as numbers (percentages). The 
study groups were compared using the Student’s t test or the Mood’s median test as appropriate for continuous 
variables, and the Fisher’s Exact test (FET) with Monte Carlo corrected significance for categorical variables. 
Correlations between continuous variables were analyzed by using Spearman’s rank test. The receiver operating 
characteristic (ROC) curve was plotted to determine the sensitivity, specificity, area under the curve (AUC), 
95% confidence interval, and the best cut-off value of serum NLRP3 and other tests in determining the extent 
of liver pathology. The positive predictive value (PPV), negative predictive value (NPV), and accuracy were 
calculated at the same cut-off value. The comparison between the AUC of two ROC curves was performed 
using DeLong’s test (MedCalc version 19.3, MedCalc software Ltd., Ostend, Belgium). Statistical significance was 
assessed at P ≤ 0.05 and all calculated P values were two-tailed.

Results
Characteristics of subjects. Table  1 summarizes the clinical, laboratory, and histopathological data of 
patients with HCV-related liver disease and healthy controls. The age and sex showed no statistically significant 
differences between studied groups (P = 0.830 and P = 0.760 respectively). Serum levels of AST, ALT, GGT, total 
bilirubin, and hsCRP, PT, and INR showed significant increases, while platelet count and serum levels of albumin 
and Na showed  significant decreases in patients with HCV-related liver disease compared with healthy controls 
(P < 0.05). Serum HCV-RNA levels ranged between 7.7 and 7400 ×  103 IU/ml [median (IQR): 900 (1833.5)]. In 
patients with cirrhosis, the Child–Pugh score ranged between 5 and 8 (mean ± s.d.: 5.86 ± 1.06, class A in 15 
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(71.4%) patients and class B in 6 (28.6%) patients), the MELDNa score ranged between 6 and 19 (mean ± s.d.: 
12.52 ± 3.54), and the ALBI score ranged between −3.33 and −1.25 [mean ± s.d.: −2.51 ± 0.49]. The APRI and 
FIB-4 ranged between 0.32 and 4.56 [median (IQR): 1.31 (1.47)] and 0.87–4.49 [median (IQR): 1.61 (1.18)] 
respectively. According to METAVIR scoring system, the histological activity grade was classified as mild activity 
(A1) in 5 (14.7%) patients, moderate activity (A2) in 16 (47.1%) patients, and severe activity (A3) in 16 (47.1%) 
patients while fibrosis stage was F1 in 5 (14.7%) patients, F2 in 12 (35.3%) patients, F3 in 2 (5.9%) patients, and 

Table 1.  Clinical,  laboratory, and histopathological data of patients with hepatitis C virus (HCV)-related 
liver disease and healthy controls. AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; 
GGT, Gamma-glutamyl transpeptidase; PT, Prothrombin time; INR, International normalized ratio; IQR, 
Interquartile; hsCRP, High-sensitivity C-reactive protein; MELDNa; Model for End-Stage Liver Disease 
Sodium; ALBI, Albumin-bilirubin; APRI, Aspartate aminotransferase to platelet ratio index; FIB-4, Fibrosis-4 
index. a Student’s t test; bFisher’s Exact test with Monte Carlo corrected significance. *Statistically significant at 
P ≤ 0.05.

Variables
HCV-related liver disease
(n = 49)

Healthy controls
(n = 18) P-value*

Age (years) 42.16 ± 7.32 42.61 ± 8.20 0.830a

Sex

  Male, n (%) 35 (71.4) 14 (77.8) 0.760b

  Female, n (%) 14 (28.6) 4 (22.2)

Hemoglobin (g/dl) 13.58 ± 1.25 14.16 ± 0.81 0.074a

Platelets (×  103/mm3) 189.08 ± 51.43† 311.11 ± 46.86  < 0.001a

AST (U/L) 70.82 ± 44.17 19.44 ± 4.00  < 0.001a

ALT (U/L) 83.57 ± 53.19 18.11 ± 3.55  < 0.001a

GGT (U/L) 49.59 ± 27.68 24.21 ± 5.46  < 0.001a

Albumin (g/dl) 3.88 ± 0.48 4.56 ± 0.37  < 0.001a

Total bilirubin (mg/dl) 1.02 ± 0.52 0.65 ± 0.14 0.005a

PT (seconds) 12.11 ± 1.15 11.27 ± 0.58 0.004a

INR 1.12 ± 0.09 1.07 ± 0.08 0.010a

HCV RNA (×  103 IU/ml), median (IQR) 900 (1,833.5) –

Creatinine (mg/ml) 0.74 ± 0.22 0.67 ± 0.18 0.239a

Sodium (mmol/L) 137.67 ± 3.15 140.28 ± 2.14 0.003a

hsCRP (mg/dl) 0.60 ± 0.30 0.31 ± 0.04  < 0.001a

Child–Pugh, (n = 21)

  Score 5.86 ± 1.06 –

  Class A, n (%) 15 (71.4) –

  Class B, n (%) 6 (28.6) –

MELDNa score, (n = 21) 12.52 ± 3.54 –

ALBI score, (n = 21) -2.51 ± 0.49 –

  Grade 1, n (%) 3 (14.3) –

  Grade 2, n (%) 17 (81.0) –

  Grade 3, n (%) 1 (4.8) –

APRI, median (IQR) 1.31 (1.47) –

FIB-4, median (IQR) 1.61 (1.18) –

Histological activity grade (n = 34)

  A1, n (%) 5 (14.7) –

  A2, n (%) 16 (47.1) –

  A3, n (%) 13 (38.2) –

Fibrosis stage (n = 34)

  F1, n (%) 5 (14.7) –

  F2, n (%) 12 (35.3) –

  F3, n (%) 2 (5.9) –

  F4 (cirrhosis), n (%) 15 (44.1) –

Steatosis grade (n = 34)

  Grade 0, n (%) 15 (44.1) –

  Grade 1, n (%) 8 (23.5) –

  Grade 2, n (%) 9 (26.5) –

  Grade 3, n (%) 2 (5.9) –
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F4 (cirrhosis) in 15 (44.1%) patients. Steatosis was graded as grade 0 in 15 (44.1%) patients, grade 1 in 8 (23.5%) 
patients, grade 2 in 9 (26.5%) patients, and grade 3 in 2 (5.9%) patients.

Serum NLRP3 levels significantly increased in patients with hepatitis C virus‑related liver 
disease. Serum NLRP3 level ranged between 800 and 2,650 pg/ml in patients with HCV-related liver dis-
ease and between 365 and 840 pg/ml in healthy controls. The serum NLRP3 levels were significantly higher in 
patients with HCV-related liver disease than in healthy controls [median (IQR): 1040 (395) pg/ml vs 695 (183) 
pg/ml respectively, χ2 = 23.888, P < 0.001, the Mood’s median test] (Fig. 1).

Hepatic NLRP3 and Caspase‑1 expression by immunohistochemistry. Immunohistochemical 
analysis showed that positive immunostaining of NLRP3 and its activation marker CASP1 was detectable as 
brown granules in the cytoplasm of hepatocytes in liver sections of all patients with HCV-related liver disease 
(Fig. 2). The final staining score for NLRP3 ranged between 3 and 12 [median (IQR): 7 (3)] with low and high 
expression were found in 17 (50.0%) patients and 17 (50.0%) patients respectively (Fig. 2A–C). The staining 
score of CASP1 was classified as score 1 in 8 (23.5%) patients, score 2 in 15 (44.1%) patients and score 3 in 
11 (32.4%) patients (Fig. 2D–F). There was a positive correlation between NLRP3 and CASP1 staining scores 
(r = 0.810, P < 0.001) (Fig. 3A).

Serum NLRP3 levels positively correlate with hepatic expression of NLRP3 and Caspase‑1 
in patients with HCV‑related liver disease. To find out whether NLRP3 levels in serum reflects its 
liver activity in patients with hepatitis C virus-related liver disease (n = 34), Spearman’s rank correlation was 
performed and showed that serum NLRP3 levels were positively correlated with hepatic NLRP3 expression 
(r = 0.749, P < 0.001) (Fig. 3B) and CASP1 expression (r = 0.557, P = 0.001) (Fig. 3C). Also, serum NLRP3 levels 
were significantly higher in patients with high NLRP3 expression than in patients with low expression (median 
(IQR): 1315 (868) pg/ml vs 845 (230) pg/ml respectively, P < 0.001).

No association between serum levels and hepatic expression of NLRP3 and demographic 
parameters in patients with HCV‑related liver disease. Serum levels and hepatic expression of 
NLRP3 showed no statistically significant correlations with patient’s age (r = 0.227, P = 0.116 and r = 0.187, 
P = 0.290 respectively). Also. there were no associations between the increase in NLRP3 levels in serum and 
liver and sex (male vs female) (median (IQR): 1155 (495) pg/ml vs 920 (408) pg/ml, P = 0.754 and 8 (3) vs 6 (5), 
P = 0.479 respectively).

Statistical correlations between serum levels and hepatic expression of NLRP3, laboratory 
parameters, the severity of liver dysfunction, and noninvasive fibrosis scores in patients with 
HCV‑related liver disease. Table  2 showed that serum levels and hepatic expression of NLRP3 were 
positively correlated with serum levels of AST (r = 0.565, P < 0.001 and r = 0.432, P = 0.011 respectively), ALT 
(r = 0.574, P < 0.001 and r = 0.403, P = 0.018 respectively), HCV RNA (r = 0.340, P = 0.017 and r = 0.391, P = 0.022 
respectively), and hsCRP (r = 0.781, P < 0.001 and r = 0.542, P = 0.001 respectively), APRI (r = 0.526, P < 0.001 and 
r = 0.408, P = 0.017 respectively), and FIB-4 (r = 0.460, P = 0.001 and r = 0.508, P = 0.002 respectively). In patients 

Figure 1.  Serum nucleotide-binding and oligomerization domain-like receptor pyrin-domain-containing 
3 (NLRP3) level (pg/ml) in patients with HCV-related liver disease and healthy controls [Data are expressed 
as median (interquartile range), 1040 (395) pg/ml vs 695 (183) pg/ml respectively, χ2 = 23.888, P < 0.001, the 
Mood’s median test].
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with cirrhosis, the NLRP3 levels in serum and the liver showed positive correlations only with the ALBI score 
(r = 0.472, P = 0.031 and r = 0.517, P = 0.048 respectively) but not with the Child–Pugh score (r = 0.365, P = 0.104 
and r = 0.384, P = 0.157 respectively) or the MELDNa score (r = 0.146, P = 0.529 and r = 0.260, P = 0.349 respec-
tively).

Increased serum levels and hepatic expression of NLRP3 are associated with significant liver 
pathology. To explore whether increased serum and liver NLRP3 are associated with significant liver pathol-

Figure 2.  Immunohistochemical staining of liver tissues from patients with hepatitis C virus-related liver 
disease. (A) METAVIR stage F1 with mild activity (A1), and no steatosis. Moderate brown positive NLRP3 
(nucleotide-binding and oligomerization domain-like receptor pyrin-domain-containing 3) staining of 
hepatocytes is seen (staining score 4, low expression) (anti-NLRP3 × 200); (B) High power view demonstrating 
brown cytoplasmic NLRP3 expression in hepatocytes (anti-NLRP3 × 400); (C) METAVIR stage F4 (cirrhosis) 
with moderate activity (A2), and steatosis. Strong NLRP3 expression is seen (staining score 12, high expression) 
(anti-NLRP3 × 200); (D) METAVIR stage F2, with moderate activity (A2). Weak brown positive Caspase-1 
(CASP1) staining of hepatocytes is observed (staining score 1) (anti-CASP1 × 200). (E) METAVIR stage F3 
with moderate activity (A2), and no steatosis. Moderate brown positive CASP1 staining of hepatocytes is seen 
(staining score 2) (anti-CASP1 × 200); and (F) METAVIR stage F4 (cirrhosis). Strong brown positive CASP1 
staining of hepatocytes (staining score 3) (anti-CASP1 × 200).

Figure 3.  Statistical correlations between (A) hepatic nucleotide-binding and oligomerization domain-like 
receptor pyrin-domain-containing 3 (NLRP3) and Caspase-1 (CASP1) staining scores (r = 0.810, P < 0.001), 
(B) serum NLRP3 levels (pg/ml) and hepatic NLRP3 final staining score (r = 0.749, P < 0.001), and (C) serum 
NLRP3 levels (pg/ml) and hepatic CASP1 staining score (r = 0.577, P = 0.001) in patients with hepatitis C virus-
related liver disease (n = 34).
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ogy, patients with HCV-related liver disease (n = 34) were stratified into two groups according to the severity of 
liver necroinflammation, fibrosis, and steatosis. Significant increases of serum levels and hepatic expression of 
NLRP3 were found in patients with severe necroinflammation (A3) compared with patients with mild/moder-
ate necroinflammation (A1-A2) (median (IQR), 1370 (940) vs 890 (223), P < 0.001 and 8 (4) vs 6 (4), P = 0.013 
respectively) (Fig. 4A,B), in patients with advanced fibrosis/cirrhosis (F3-F4) compared with patients with early 
fibrosis (F1-F2) (median (IQR), 1365 (840) vs 845 (210), P < 0.001 and 9 (4) vs 6 (2), P < 0.001 respectively) 
(Fig. 4C,D), and in patients with significant steatosis (grade 2–3) compared with patients with non-significant 
steatosis (grade 0–1) (median (IQR), 1415 (1040) vs 905 (315), P < 0.001 and 9 (4) vs 6 (4), P = 0.001 respec-
tively) (Fig. 4E,F). Additionally, positive correlations were found between NLRP3 levels in serum and the liver 
and histological activity grade (r = 0.787, P < 0.001 and r = 0.525, P = 0.001 respectively), fibrosis stage (r = 0.825, 
P < 0.001 and r = 0.762, P < 0.001 respectively), and steatosis grade (r = 0.790, P < 0.001 and r = 0.734, P < 0.001 
respectively) (Table 2).

Serum NLRP3 as a potential biomarker for liver necroinflammation, fibrosis, and steato‑
sis. The diagnostic performance of serum NLRP3 as a potential biomarker for liver necroinflammation, fibro-
sis, and steatosis was assessed by plotting the ROC curve (Table 3, Fig. 5). To investigate whether serum NLRP3 
could be an additional marker for liver necroinflammation, the sensitivity, specificity, PPV, NPV, and accuracy 
of serum NLRP3, AST, and ALT in discriminating severe necroinflammation (A3) from mild/moderate necro-
inflammation (A1-A2) were determined. The comparison between the AUC of ROC curves showed that serum 
NLRP3 (AUC = 0.951) was superior to serum AST (AUC = 0.676, z = 2.1501, P = 0.032) and ALT (AUC = 0.692, 
z = 2.1186, P = 0.034) in distinguishing severe necroinflammation. As regards the extent of liver fibrosis, the sen-
sitivity, specificity, PPV, NPV, and accuracy of serum NLRP3, APRI, and FIB-4 were determined to distinguish 
advanced fibrosis/cirrhosis (F3-F4) from early fibrosis (F1-F2). The comparison between the AUC of the ROC 
curves showed that serum NLRP3 (AUC = 0.971) was superior to APRI (AUC = 0.754, z = 2.1004, P = 0.036) but 
was comparable to FIB-4 (AUC = 0.806, z = 1.7829, P = 0.075) in the diagnosis of advanced fibrosis/cirrhosis. The 
diagnostic performance of serum NLRP3 was also high in discriminating significant steatosis (grade 0–1) from 
non-significant steatosis (grade 2–3) (AUC = 0.917, P < 0.001).

Discussion
Accumulating evidence suggests that NLRP3 plays an important role in the pathogenesis of liver  diseases17–24. The 
present study demonstrated increased serum NLRP3 levels in patients with HCV-related liver disease in parallel 
with up-regulation of NLRP3 and its activation marker CASP1 in the liver. In support of this finding, Csak et al.33 
found elevated expression of NLRP3 and CASP1 at the mRNA level in the livers of HCV-infected patients versus 
the livers of healthy controls. Also, NLRP3 and active CASP1 were significantly increased in the livers of murine 
models of immune-mediated  hepatitis23 and experimental viral fulminant  hepatitis24 and in HCV-transfected cell 
 lines34–40. The close correlation between hepatic expression of NLRP3 and its serum levels may suggest that the 
liver could be the source of NLRP3 in blood with increased NLRP3 release into the circulation from hepatocytes 
and non-parenchymal cells and may also indicate that serum NLRP3 could reflect NLRP3 activity in the liver.

Table 2.  Statistical correlations between serum nucleotide-binding and oligomerization domain-like receptor 
pyrin-domain-containing 3 (NLRP3) levels (pg/ml), hepatic NLRP3 expression, and other parameters 
in patients with hepatitis C virus (HCV)-related liver disease. AST, Aspartate aminotransferase; ALT, 
Alanine aminotransferase; GGT, Gamma-glutamyl transpeptidase;  hsCRP, High-sensitivity C-reactive 
protein; MELDNa; Model for End-Stage Liver Disease Sodium; ALBI, Albumin-bilirubin; APRI, Aspartate 
aminotransferase to platelet ratio index; FIB-4, Fibrosis-4 index. r: Spearman coefficient. *Statistically 
significant at P ≤ 0.05.

Variables

Serum NLRP3 (pg/ml)
(n = 49)

NLRP3 final staining score
(n = 34)

r value P-value* r value P-value*

AST (U/L) 0.559  < 0.001 0.443 0.009

ALT (U/L) 0.532  < 0.001 0.394 0.021

GGT (U/L) 0.149 0.308 0.127 0.473

HCV RNA (×  103 IU/ml) 0.340 0.017 0.391 0.022

hsCRP (mg/dl) 0.781  < 0.001 0.542 0.001

Child–Pugh score 0.365 0.104 0.384 0.157

MELDNa score 0.146 0.529 0.260 0.349

ALBI score 0.472 0.031 0.517 0.048

APRI 0.526  < 0.001 0.408 0.017

FIB-4 0.460 0.001 0.508 0.002

Histological activity grade (n = 34) 0.787  < 0.001 0.525 0.001

Fibrosis stage (n = 34) 0.825  < 0.001 0.762  < 0.001

Steatosis grade (n = 34) 0.790  < 0.001 0.734  < 0.001
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Figure 4.  Serum levels (pg/ml) and hepatic expression of nucleotide-binding and oligomerization domain-
like receptor pyrin-domain-containing 3 (NLRP3) in: (A & B) patients with severe necroinflammation (A3) 
vs patients with mild/moderate necroinflammation (A1-A2) (P < 0.001 and P = 0.013 respectively), (C & D) 
patients with advanced fibrosis/cirrhosis (F3-F4) vs patients with early fibrosis (F1-F2) (P < 0.001 for both), 
and (E & F) patients with significant steatosis (grade 2–3) vs patients with non-significant steatosis (grade 0–1) 
(P < 0.001 and P = 0.001 respectively).
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Like other RNA viruses, HCV is known as a well-established activator of NLRP3. The present study found an 
association between HCV viremia and increased NLRP3 levels in serum and the liver. Negash et al.34 identified 
HCV core protein as a virion-specific factor that was necessary and sufficient for NLRP3 activation from mac-
rophages. Also, the HCV glycoprotein E2 was able to potently induce NLRP3 activation in THP-1  macrophages39. 
Ligation of HCV single-stranded RNA to TLR7 in macrophages triggers NLRP3 gene transcription by activating 
the NF-κB  pathway40. Moreover, Ramachandran et al.37 showed that HCV inhibited ubiquitination of NLRP3 
leading to CASP1 activation. Furthermore, HCV activates NLRP3 through the generation of reactive oxygen 
 species24,33, potassium  efflux34, loss of vesicular  acidity41, and intracellular calcium  mobilization37. Despite its role 
in virus defense, persistent activation of NLRP3 with excessive release of pro-inflammatory cytokines and danger 
signals may promote an inflammatory positive feedback loop that triggers virus replication and  persistence12,13. 
Guo et al.24 found that NLRP3 -/- mice and Caspase-1 -/- mice infected with hepatitis virus strain-3 produced 
much less viruses as compared to the infected wild-type controls.

The NLRP3-CASP1 pathway plays a central role in the hepatic inflammatory network in chronic liver 
 diseases9. The present study showed that serum levels and hepatic expression of NLRP3 increased progressively 
with increasing severity of liver necroinflammation and were positively correlated with serum aminotransferase 
levels and histological activity grade (markers of hepatic necroinflammation) in patients with HCV-related liver 
disease. Consistent with these findings, a previous study showed that the mRNA levels of NLRP3 in the livers of 
patients with non-alcoholic fatty liver disease (NAFLD), were significantly higher in the livers of patients with 
non-alcoholic steatohepatitis (NASH) when compared to the livers of patients with non-NASH19. Also, Gaul 
et al.42 found that serum and hepatic CASP1 activities were significantly higher in patients with NASH than in 
patients with simple steatosis or controls and correlated with liver inflammation severity. In addition, NLRP3 
knock-in mice showed severe liver inflammation, with increased infiltration of activated macrophages in a diet-
induced NASH  model19, while NLRP3-/- mice and CASP1-/- mice showed decreased histological hepatic injury 
and serum ALT and AST levels when exposed to liver  insults23,24. Also, selective pharmacological inhibition of 
NLRP3 lowered aminotransferases levels and reduced hepatic inflammation in the in vivo NASH  models43,44 and 
this effect was associated with a significant reduction in CASP1  activation44. CASP1-mediated IL-1β secretion 
seems to be the crucial mediator of liver inflammation. IL-1β directly induces the synthesis of pro-inflammatory 
cytokines and chemokines including tumor necrosis factor-α23,45 and monocyte chemoattractant protein  121, T 
helper 17 cell differentiation with the secretion of the proinflammatory cytokine IL-1723,45, and recruitment and 
activation of invariant natural killer T  cells20.

In the meantime, NLRP3 not only plays a role in hepatic inflammation but also is linked to the systemic 
inflammatory  response46 as evidenced by the significant correlation between levels of NLRP3 and hsCRP. Accu-
mulating evidence suggests a mutual relationship between NLRP3 and CRP. A meta-analysis of genome-wide 
association studies found that the NLRP3 locus, which encodes the NLRP3, is associated with circulating CRP 
 levels47. Meanwhile, CRP can increase the expression of NLRP3 via the FcγRs/NF-κB pathway and up-regulation 
of reactive oxygen species levels, purinergic receptor signaling, and activation of cysteine  proteases48. Sendler 
et al.46 found that inhibition of NLRP3 reduced systemic inflammatory response syndrome in mice with severe 
pancreatitis.

Growing evidence supports a central role of NLRP3 and its downstream pro-inflammatory effectors in liver 
 fibrosis16,19,43–45. The present study demonstrated that levels of NLRP3 in serum and the liver were positively 
correlated with the METAVIR fibrosis stage and showed significant increases with the development of advanced 
fibrosis/cirrhosis. This result is in agreement with those of previous human and experimental studies. Li et al.49 
also found that patients with liver fibrosis showed up-regulation of NLRP3 in the liver with alpha-smooth mus-
cle actin and type I collagen expression compared with patients without liver fibrosis suggesting an association 
between NLRP3 and HSC activation. Moreover, NLRP3 and cleaved CASP1 expression were increased in the 
livers of patients with cirrhosis compared with the livers of control  subjects18. In addition, several experimental 

Table 3.  The diagnostic performance of serum nucleotide-binding and oligomerization domain-like receptor 
pyrin-domain-containing 3 (NLRP3) (pg/ml)  in determining the severity of liver necroinflammation, 
fibrosis, and steatosis. AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; APRI, Aspartate 
aminotransferase to platelet ratio index; FIB-4, Fibrosis-4 index; AUC, Area under the curve; CI, Confidence 
interval; PPV, Positive predictive value; NPV, Negative predictive value. *Statistically significant at P ≤ 0.05.

Variables AUC P value* 95% CI Cut-off value
Sensitivity 
(%)

Specificity 
(%) PPV (%) NPV (%)

Accuracy 
(%)

Severe necroinflammation (A3) vs mild/moderate necroinflammation (A1-A2)

NLRP3 (pg/ml) 0.951  < 0.001 0.881–1.000 1162.5 92.3 90.5 95.0 85.7 91.2

AST (U/L) 0.676 0.089 0.485–0.866 74.0 69.2 66.7 56.3 77.8 67.6

ALT (U/L) 0.692 0.095 0.507–0.878 88.0 76.9 66.7 55.9 82.4 70.6

Advanced fibrosis/cirrhosis (F3-F4) vs early fibrosis (F1-F2)

NLRP3 (pg/ml) 0.971  < 0.001 0.923–1.000 1145 88.2 94.1 93.4 88.9 91.2

APRI 0.754 0.091 0.577–0.932 1.56 76.5 70.6 72.2 75.0 73.5

FIB-4 0.806 0.079 0.652–0.960 1.66 76.5 82.4 81.3 77.8 79.4

Significant steatosis (grade 2–3) vs non-significant steatosis (grade 0–1)

NLRP3 (pg/ml) 0.917  < 0.001 0.827–1.000 1162.5 90.9 82.6 71.4 95.0 85.3
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studies supported the direct role of NLRP3 in liver fibrosis and activation of HSCs with increased profibrotic 
genes and collagen  deposition19,40,42,45,50,51. The cytokines and danger signals generated by CASP1 activation bind 
to receptors located on HSCs resulting in their transdifferentiation through activation of IL-1 type I receptor, 
c-Jun N-terminal kinase, and activation protein-1  signaling52.

Besides, NLRP3 plays a key role in the pathogenesis of hepatic steatosis suggesting a link between chronic 
inflammation and lipid accumulation in the  liver17,19,23. The present study showed an association between NLRP3 
levels in serum and the liver and the grade of steatosis in HCV-infected patients as also previously demonstrated 
in patients with  NAFLD17,19,33,53–55. Also, the expression of NLRP3 and CASP1 in the liver tissues was detected 
in experimental NAFLD models induced by a high-fat diet compared with the normal diet  group22,33. Moreover, 
suppression of NLRP3 activation in the liver reduced lipogenesis, inhibited lipid accumulation in the  liver21,56, 
and attenuated hepatic  steatosis22. The role of NLRP3 in the development of steatosis requires CASP1-mediated 
inflammation, which promotes triglyceride synthesis in hepatocytes by decreasing lipolytic gene peroxisome 
proliferator-activated receptor-α  transactivation55,56, induces tumor necrosis factor-α23 and the pro-steatotic 
chemokine monocyte chemoattractant protein 1 in hepatocytes, and augments TLR4-dependent up-regulation 
of inflammatory signaling in  macrophages21,45.

Meanwhile, the present study found that serum NLRP3 could be a potential biomarker for the severity of liver 
pathology during chronic HCV infection. Serum NLRP3 was superior to serum aminotransferases in determin-
ing severe liver necroinflammation and could be an additional inflammatory marker, particularly in patients with 
normal or slightly raised ALT. Previous investigators found elevated serum levels of NLRP3 in several inflamma-
tory  diseases57–60. Huang et al.60 found that serum NLRP3 level is a useful inflammatory biomarker for identify-
ing high-risk septic patients. Moreover, the present study showed a high diagnostic accuracy of serum NLRP3 
in detecting advanced fibrosis/cirrhosis and could be an additional marker with non-invasive fibrosis scores.

Conclusion
Based on the results of the present study, it can be concluded that NLRP3 plays an important role in liver disease 
progression during HCV infection through CASP1 activation. Targeting NLRP3 could be a promising therapeutic 
strategy to limit liver damage, particularly in HCV-infected patients with advanced liver disease who are still 
at risk for long-term liver-related complications even after sustained virological response. Clinical trials with a 
large population need to be conducted to validate the use of serum NLRP3 as an additional biomarker for liver 
inflammation and fibrosis.

Data availability
The data presented in this study are available on request from the corresponding author.

Received: 22 March 2022; Accepted: 7 October 2022

References
 1. Manns, M. P. et al. Hepatitis C virus infection. Nat. Rev. Dis. Prim. 3, 17006. https:// doi. org/ 10. 1038/ nrdp. 2017.6 (2017).
 2. Yamane, D., McGivern, D. R., Masaki, T. & Lemon, S. M. Liver injury and disease pathogenesis in chronic hepatitis C. Curr. Top. 

Microbiol. Immunol. 369, 263–288. https:// doi. org/ 10. 1007/ 978-3- 642- 27340-7_ 11 (2013).

Figure 5.  Receiver operating characteristic curve showing the sensitivity and specificity of (A) serum 
nucleotide-binding and oligomerization domain-like receptor pyrin-domain-containing 3 (NLRP3) (pg/
ml), serum aspartate aminotransferase (AST) (U/L), and serum alanine aminotransferase (ALT) (U/L) in 
discriminating severe liver necroinflammation (A3) from mild/moderate liver necroinflammation (A1-A2) (area 
under the curve (AUC) = 0.951 vs 0.676, P = 0.032 and 0.692, P = 0.034 respectively), (B) serum NLRP3 (pg/
ml), aspartate aminotransferase to platelet ratio index (APRI), and Fibrosis-4 index (FIB-4) in discriminating 
advanced liver fibrosis/cirrhosis (F3-F4) from early liver fibrosis (F1-F2) (AUC = 0.971 vs 0.754, P = 0.036 and 
0.806, P = 0.075 respectively), (C) serum NLRP3 (pg/ml) in discriminating significant steatosis (grade 2–3) from 
non-significant steatosis (grade 0–1) (AUC = 0.917, P < 0.001).

https://doi.org/10.1038/nrdp.2017.6
https://doi.org/10.1007/978-3-642-27340-7_11


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19528  | https://doi.org/10.1038/s41598-022-22022-5

www.nature.com/scientificreports/

 3. Nishitsuji, H. et al. Hepatitis C virus infection induces inflammatory cytokines and chemokines mediated by the cross talk between 
hepatocytes and stellate cells. J. Virol. 87, 8169–8178. https:// doi. org/ 10. 1128/ JVI. 00974- 13 (2013).

 4. Tanwar, S., Rhodes, F., Srivastava, A., Trembling, P. M. & Rosenberg, W. M. Inflammation and fibrosis in chronic liver diseases 
including non-alcoholic fatty liver disease and hepatitis C. World. J. Gastroenterol. 26, 109–133. https:// doi. org/ 10. 3748/ wjg. v26. 
i2. 109 (2020).

 5. Nirei, K. et al. Persistent hepatic inflammation plays a role in hepatocellular carcinoma after sustained virological response in 
patients with HCV infection. Int. J. Med. Sci. 15, 466–474. https:// doi. org/ 10. 7150/ ijms. 23147 (2018).

 6. Li, H., Huang, M. H., Jiang, J. D. & Peng, Z. J. Hepatitis C: From inflammatory pathogenesis to anti-inflammatory/hepatoprotective 
therapy. World. J. Gastroenterol. 24, 5297–5311. https:// doi. org/ 10. 3748/ wjg. v24. i47. 5297 (2018).

 7. Yang, X., Lin, G., Han, Z. & Chai, J. Structural biology of NOD-like receptors. Adv. Exp. Med. Biol. 1172, 19–41. https:// doi. org/ 
10. 1007/ 978- 981- 13- 9367-9_6 (2019).

 8. Wang, Z. et al. NLRP3 inflammasome and inflammatory diseases. Oxid. Med. Cell Longev. 2020, 4063562. https:// doi. org/ 10. 1155/ 
2020/ 40635 62 (2020).

 9. Kelley, N., Jeltema, D., Duan, Y. & He, Y. The NLRP3 inflammasome: An overview of mechanisms of activation and regulation. 
Int. J. Mol. Sci. 20, E3328. https:// doi. org/ 10. 3390/ ijms2 01333 28 (2019).

 10. Miao, E., Rajan, J. V. & Aderem, A. Caspase-1-induced pyroptotic cell death. Immunol. Rev. 243, 206–214. https:// doi. org/ 10. 1111/j. 
1600- 065X. 2011. 01044.x (2011).

 11. McKee, C. M. & Coll, C. NLRP3 inflammasome priming: A riddle wrapped in a mystery inside an enigma. J. Leukoc. Biol. 108, 
937–952. https:// doi. org/ 10. 1002/ JLB. 3MR07 20- 513R (2020).

 12. Choudhury, S. K. M., Ma, X., Abdullah, S. W. & Zheng, H. Activation and inhibition of the NLRP3 inflammasome by RNA viruses. 
J. Inflamm. Res. 14, 1145–1163. https:// doi. org/ 10. 2147/ JIR. S2957 06 (2021).

 13. Zhao, C. & Zhao, W. NLRP3 Inflammasome-A key player in antiviral responses. Front. Immunol. 11, 211. https:// doi. org/ 10. 3389/ 
fimmu. 2020. 00211 (2020).

 14. Wang, J., Dong, R. & Zheng, S. Roles of the inflammasome in the gut-liver axis (Review). Mol. Med. Rep. 19, 3–14. https:// doi. org/ 
10. 3892/ mmr. 2018. 9679 (2019).

 15. Al Mamun, A. et al. Role of NLRP3 inflammasome in liver disease. J. Dig. Dis. 21, 430–436. https:// doi. org/ 10. 1111/ 1751- 2980. 
12918 (2020).

 16. Tao, Y., Wang, N., Qiu, T. & Sun, X. The role of autophagy and NLRP3 inflammasome in liver fibrosis. Biomed. Res. Int. 2020, 
7269150. https:// doi. org/ 10. 1155/ 2020/ 72691 50 (2020).

 17. Mitsuyoshi, H. et al. Hepatic nucleotide binding oligomerization domain-like receptors pyrin domain-containing 3 inflammasomes 
are associated with the histologic severity of non-alcoholic fatty liver disease. Hepatol. Res. 47, 1459–1468. https:// doi. org/ 10. 1111/ 
hepr. 12883 (2017).

 18. Ma, X., Zheng, X., Pan, L. & Zhang, X. NLRP3 inflammasome activation in liver cirrhotic patients. Biochem. Biophys. Res. Com-
mun. 505, 40–44. https:// doi. org/ 10. 1016/j. bbrc. 2018. 09. 055 (2018).

 19. Wree, A. et al. NLRP3 inflammasome activation is required for fibrosis development in NAFLD. J. Mol. Med. 92, 1069–1082. 
https:// doi. org/ 10. 1007/ s00109- 014- 1170-1 (2014).

 20. Cui, K. et al. Invariant NKT cells promote alcohol-induced steatohepatitis through interleukin-1β in mice. J. Hepatol. 62, 1311–
1318. https:// doi. org/ 10. 1016/j. jhep. 2014. 12. 027 (2015).

 21. Petrasek, J. et al. IL-1 receptor antagonist ameliorates inflammasome-dependent alcoholic steatohepatitis in mice. J. Clin. Invest. 
122, 3476–3489. https:// doi. org/ 10. 1172/ JCI60 777 (2012).

 22. Lee, H. J. et al. Peroxisome proliferator-activated receptor-delta agonist ameliorated inflammasome activation in nonalcoholic 
fatty liver disease. World J. Gastroenterol. 21, 2787–2799. https:// doi. org/ 10. 3748/ wjg. v21. i45. 12787 (2015).

 23. Luan, J. et al. NOD-like receptor protein 3 inflammasome-dependent IL-1β accelerated ConA-induced hepatitis. Front. Immunol. 
9, 758. https:// doi. org/ 10. 3389/ fimmu. 2018. 00758 (2018).

 24. Guo, S. et al. The NLRP3 inflammasome and IL-1β accelerate immunologically mediated pathology in experimental viral fulminant 
hepatitis. PLoS Pathog. 11, e1005155. https:// doi. org/ 10. 1371/ journ al. ppat. 10051 55 (2015).

 25. Pugh, R. N. H., Murray-Lyon, I. M., Dawson, J. L., Pietroni, M. C. & Williams, R. Transection of the oesophagus for bleeding 
oesophageal varices. Br. J. Surg. 60, 646–649. https:// doi. org/ 10. 1002/ bjs. 18006 00817 (1973).

 26. Kim, W. R. et al. Hyponatremia and mortality among patients on the liver-transplant waiting list. N. Engl. J. Med. 359, 1018–1026. 
https:// doi. org/ 10. 1056/ NEJMo a0801 209 (2008).

 27. Gui, B. et al. Assessment of the Albumin-Bilirubin (ALBI) grade as a prognostic indicator for hepatocellular carcinoma patients 
treated with radioembolization. Am. J. Clin. Oncol. 41, 861–866. https:// doi. org/ 10. 1097/ COC. 00000 00000 000384 (2018).

 28. Gounder, P. P. et al. Does incorporating change in APRI or FIB-4 indices over time improve the accuracy of a single index for 
identifying liver fibrosis in persons with chronic hepatitis C virus infection?. J. Clin. Gastroenterol. 52, 60–66. https:// doi. org/ 10. 
1097/ MCG. 00000 00000 000753 (2018).

 29. Bedossa, P. & Poynard, T. An algorithm for the grading of activity in chronic hepatitis C. The French METAVIR cooperative study 
group. Hepatology 24, 289–293. https:// doi. org/ 10. 1002/ hep. 51024 0201 (1996).

 30. Brunt, E., Janney, C., Di, A. B., Neuschwander-Tetri, B. & Bacon, B. Nonalcoholic steatohepatitis: A proposal for grading and 
staging the histological lesions. Am. J. Gastroenterol. 94, 2467–2474. https:// doi. org/ 10. 1111/j. 1572- 0241. 1999. 01377.x (1999).

 31. Xiong, J. et al. The expression and significance of NLRP3 inflammasome in patients with primary glomerular diseases. Kidney 
Blood Press. Res. 40, 344–354. https:// doi. org/ 10. 1159/ 00036 8511 (2015).

 32. Han, Y. et al. Expression of AIM2 is correlated with increased inflammation in chronic hepatitis B patients. Virol. J. 12, 129. https:// 
doi. org/ 10. 1186/ s12985- 015- 0360-y (2015).

 33. Csak, T. et al. Fatty acid and endotoxin activate inflammasomes in mouse hepatocytes that release danger signals to stimulate 
immune cells. Hepatology 54, 133–144. https:// doi. org/ 10. 1002/ hep. 24341 (2011).

 34. Negash, A. A. et al. IL-1β production through the NLRP3 inflammasome by hepatic macrophages links hepatitis C virus infection 
with liver inflammation and disease. PLoS Pathog. 9, e1003330. https:// doi. org/ 10. 1371/ journ al. ppat. 10033 30 (2013).

 35. Kofahi, H. M., Taylor, N. G., Hirasawa, K., Grant, M. D. & Russell, R. S. Hepatitis C virus infection of cultured human hepatoma 
cells causes apoptosis and pyroptosis in both infected and bystander cells. Sci. Rep. 6, 37433. https:// doi. org/ 10. 1038/ srep3 7433 
(2016).

 36. Chen, W. et al. HCV genomic RNA activates the NLRP3 inflammasome in human myeloid cells. PLoS ONE 9, e84953. https:// doi. 
org/ 10. 1371/ journ al. pone. 00849 53 (2014).

 37. Ramachandran, A., Kumar, B., Waris, G. & Everly, D. Deubiquitination and activation of the NLRP3 inflammasome by UCHL5 
in HCV-infected cells. Microbiol. Spectr. 9, e0075521. https:// doi. org/ 10. 1128/ Spect rum. 00755- 21 (2021).

 38. Negash, A. A., Olson, R. M., Griffin, S. & Gale, M. Modulation of calcium signaling pathway by hepatitis C virus core protein 
stimulates NLRP3 inflammasome activation. PLoS Pathog. 15, e1007593. https:// doi. org/ 10. 1371/ journ al. ppat. 10075 93 (2019).

 39. Eisfeld, H. S. et al. Viral glycoproteins induce NLRP3 inflammasome activation and pyroptosis in macrophages. Viruses 13, 2076. 
https:// doi. org/ 10. 3390/ v1310 2076 (2021).

 40. Chattergoon, M. A. et al. HIV and HCV activate the inflammasome in monocytes and macrophages via endosomal Toll-like 
receptors without induction of type 1 interferon. PLoS Pathog. 10, e1004082. https:// doi. org/ 10. 1371/ journ al. ppat. 10040 82 (2014).

https://doi.org/10.1128/JVI.00974-13
https://doi.org/10.3748/wjg.v26.i2.109
https://doi.org/10.3748/wjg.v26.i2.109
https://doi.org/10.7150/ijms.23147
https://doi.org/10.3748/wjg.v24.i47.5297
https://doi.org/10.1007/978-981-13-9367-9_6
https://doi.org/10.1007/978-981-13-9367-9_6
https://doi.org/10.1155/2020/4063562
https://doi.org/10.1155/2020/4063562
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1111/j.1600-065X.2011.01044.x
https://doi.org/10.1111/j.1600-065X.2011.01044.x
https://doi.org/10.1002/JLB.3MR0720-513R
https://doi.org/10.2147/JIR.S295706
https://doi.org/10.3389/fimmu.2020.00211
https://doi.org/10.3389/fimmu.2020.00211
https://doi.org/10.3892/mmr.2018.9679
https://doi.org/10.3892/mmr.2018.9679
https://doi.org/10.1111/1751-2980.12918
https://doi.org/10.1111/1751-2980.12918
https://doi.org/10.1155/2020/7269150
https://doi.org/10.1111/hepr.12883
https://doi.org/10.1111/hepr.12883
https://doi.org/10.1016/j.bbrc.2018.09.055
https://doi.org/10.1007/s00109-014-1170-1
https://doi.org/10.1016/j.jhep.2014.12.027
https://doi.org/10.1172/JCI60777
https://doi.org/10.3748/wjg.v21.i45.12787
https://doi.org/10.3389/fimmu.2018.00758
https://doi.org/10.1371/journal.ppat.1005155
https://doi.org/10.1002/bjs.1800600817
https://doi.org/10.1056/NEJMoa0801209
https://doi.org/10.1097/COC.0000000000000384
https://doi.org/10.1097/MCG.0000000000000753
https://doi.org/10.1097/MCG.0000000000000753
https://doi.org/10.1002/hep.510240201
https://doi.org/10.1111/j.1572-0241.1999.01377.x
https://doi.org/10.1159/000368511
https://doi.org/10.1186/s12985-015-0360-y
https://doi.org/10.1186/s12985-015-0360-y
https://doi.org/10.1002/hep.24341
https://doi.org/10.1371/journal.ppat.1003330
https://doi.org/10.1038/srep37433
https://doi.org/10.1371/journal.pone.0084953
https://doi.org/10.1371/journal.pone.0084953
https://doi.org/10.1128/Spectrum.00755-21
https://doi.org/10.1371/journal.ppat.1007593
https://doi.org/10.3390/v13102076
https://doi.org/10.1371/journal.ppat.1004082


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19528  | https://doi.org/10.1038/s41598-022-22022-5

www.nature.com/scientificreports/

 41. Farag, N. S., Breitinger, U., El-Azizi, M. & Breitinger, H. G. The p7 viroporin of the hepatitis C virus contributes to liver inflamma-
tion by stimulating production of Interleukin-1β. Biochim. Biophys. Acta. Mol. Basis Dis. 863, 712–720. https:// doi. org/ 10. 1016/j. 
bbadis. 2016. 12. 006 (2017).

 42. Gaul, S. et al. Hepatocyte pyroptosis and release of inflammasome particles induce stellate cell activation and liver fibrosis. J. 
Hepatol. 74, 156–167. https:// doi. org/ 10. 1016/j. jhep. 2020. 07. 041 (2021).

 43. Mridha, A. R. et al. NLRP3 inflammasome blockade reduces liver inflammation and fibrosis in experimental NASH in mice. J. 
Hepatol. 66, 1037–1046. https:// doi. org/ 10. 1016/j. jhep. 2017. 01. 022 (2017).

 44. Torres, S. et al. The specific NLRP3 antagonist IFM-514 decreases fibrosis and inflammation in experimental murine non-alcoholic 
steatohepatitis. Front. Mol. Biosci. 8, 715765. https:// doi. org/ 10. 3389/ fmolb. 2021. 715765 (2021).

 45. Wree, A. et al. NLRP3 inflammasome driven liver injury and fibrosis: Roles of IL-17 and TNF in mice. Hepatology 67, 736–749. 
https:// doi. org/ 10. 1002/ hep. 29523 (2018).

 46. Sendler, M. et al. NLRP3 inflammasome regulates development of systemic inflammatory response and compensatory anti-
inflammatory response syndromes in mice with acute pancreatitis. Gastroenterology 158, 253-269.e14. https:// doi. org/ 10. 1053/j. 
gastro. 2019. 09. 040 (2020).

 47. Dehghan, A. et al. Meta-analysis of genome-wide association studies in >80 000 subjects identifies multiple loci for C-reactive 
protein levels. Circulation 23, 731–873. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 110. 948570 (2011).

 48. Bian, F., Yang, X. Y., Xu, G., Zheng, T. & Jsin, S. CRP-Induced NLRP3 inflammasome activation increases LDL transcytosis across 
endothelial cells. Front. Pharmacol. 10, 40. https:// doi. org/ 10. 3389/ fphar. 2019. 00040 (2019).

 49. Li, Y. et al. Role of aldosterone in the activation of primary mice hepatic stellate cell and liver fibrosis via NLRP3 inflammasome. 
J. Gastroenterol. Hepatol. 35, 1069–1077. https:// doi. org/ 10. 1111/ jgh. 14961 (2020).

 50. Zhang, W. J., Fang, Z. M. & Liu, W. Q. NLRP3 inflammasome activation from Kupffer cells is involved in liver fibrosis of Schisto-
soma japonicum-infected mice via NF-κb. Parasit. Vectors. 12, 29. https:// doi. org/ 10. 1186/ s13071- 018- 3223-8 (2019).

 51. Wree, A. et al. NLRP3 inflammasome activation results in hepatocyte pyroptosis, liver inflammation, and fibrosis in mice. Hepatol-
ogy 59, 898–910. https:// doi. org/ 10. 1002/ hep. 26592 (2014).

 52. Yaping, Z. et al. Mechanism of interleukin-1β-induced proliferation in rat hepatic stellate cells from different levels of signal 
transduction. APMIS 122, 392–398. https:// doi. org/ 10. 1111/ apm. 12155 (2014).

 53. Palomera, L. F. et al. Serum levels of interleukin-1 beta associate better with severity of simple steatosis than liver function tests 
in morbidly obese patients. J. Res. Med. Sci. 23, 93. https:// doi. org/ 10. 4103/ jrms. JRMS_ 142_ 18 (2018).

 54. Flisiak-Jackiewicz, M. et al. Predictive role of interleukin 18 in liver steatosis in obese children. Can. J. Gastroenterol. Hepatol. 
2018, 3870454. https:// doi. org/ 10. 1155/ 2018/ 38704 54 (2018).

 55. Xu, B. et al. Gasdermin D plays a key role as a pyroptosis executor of non-alcoholic steatohepatitis in humans and mice. J. Hepatol. 
68, 773–782. https:// doi. org/ 10. 1016/j. jhep. 2017. 11. 040 (2018).

 56. Negrin, K. A. et al. IL-1 signaling in obesity-induced hepatic lipogenesis and steatosis. PLoS ONE 9, e107265. https:// doi. org/ 10. 
1371/ journ al. pone. 01072 65 (2014).

 57. Choe, J. Y. & Kim, S. K. Clinical significance of serum NLRP3 levels in patients with chronic gouty arthritis. Joint Bone Spine 85, 
257–258. https:// doi. org/ 10. 1016/j. jbspin. 2017. 02. 009 (2018).

 58. Zhou, Z. J. & Xia, P. Elevated levels of NLRP3 inflammasome in serum of patients with chronic inflammatory demyelinating poly-
radiculoneuropathy are associated with disease severity. Neurol. Sci. 42, 3383–3387. https:// doi. org/ 10. 1007/ s10072- 020- 04949-7 
(2021).

 59. Huang, W., Wang, X., Xie, F., Zhang, H. & Liu, D. Serum NLRP3: A biomarker for identifying high-risk septic patients. Cytokine 
149, 155725. https:// doi. org/ 10. 1016/j. cyto. 2021. 155725 (2022).

 60. Isola, G., Polizzi, A., Santonocito, S., Alibrandi, A. & Williams, R. C. Periodontitis activates the NLRP3 inflammasome in serum 
and saliva. J. Periodontol. 93, 135–145. https:// doi. org/ 10. 1002/ JPER. 21- 0049 (2022).

Author contributions
Study conception and design, H.A. and A.S.; data collection, A.S. and I.E.; methodology and investigation, S.M. 
and N.D.; data analysis and interpretation, H.A., A.S., and I.E.; manuscript preparation, H.A. and A.S. All authors 
have reviewed and approved the final version of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.E.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1016/j.bbadis.2016.12.006
https://doi.org/10.1016/j.bbadis.2016.12.006
https://doi.org/10.1016/j.jhep.2020.07.041
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.3389/fmolb.2021.715765
https://doi.org/10.1002/hep.29523
https://doi.org/10.1053/j.gastro.2019.09.040
https://doi.org/10.1053/j.gastro.2019.09.040
https://doi.org/10.1161/CIRCULATIONAHA.110.948570
https://doi.org/10.3389/fphar.2019.00040
https://doi.org/10.1111/jgh.14961
https://doi.org/10.1186/s13071-018-3223-8
https://doi.org/10.1002/hep.26592
https://doi.org/10.1111/apm.12155
https://doi.org/10.4103/jrms.JRMS_142_18
https://doi.org/10.1155/2018/3870454
https://doi.org/10.1016/j.jhep.2017.11.040
https://doi.org/10.1371/journal.pone.0107265
https://doi.org/10.1371/journal.pone.0107265
https://doi.org/10.1016/j.jbspin.2017.02.009
https://doi.org/10.1007/s10072-020-04949-7
https://doi.org/10.1016/j.cyto.2021.155725
https://doi.org/10.1002/JPER.21-0049
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Significance of elevated serum and hepatic NOD-like receptor pyrin domain containing 3 (NLRP3) in hepatitis C virus-related liver disease
	Materials and methods
	Study population. 
	Clinical and laboratory data. 
	Assessment of the severity of liver dysfunction. 
	Noninvasive liver fibrosis scores. 
	Measurement of serum NLRP3 levels by ELISA. 
	Histopathological examination. 
	Immunohistochemical staining. 
	Interpretation of immunohistochemical analysis. 
	Statistical analysis. 

	Results
	Characteristics of subjects. 
	Serum NLRP3 levels significantly increased in patients with hepatitis C virus-related liver disease. 
	Hepatic NLRP3 and Caspase-1 expression by immunohistochemistry. 
	Serum NLRP3 levels positively correlate with hepatic expression of NLRP3 and Caspase-1 in patients with HCV-related liver disease. 
	No association between serum levels and hepatic expression of NLRP3 and demographic parameters in patients with HCV-related liver disease. 
	Statistical correlations between serum levels and hepatic expression of NLRP3, laboratory parameters, the severity of liver dysfunction, and noninvasive fibrosis scores in patients with HCV-related liver disease. 
	Increased serum levels and hepatic expression of NLRP3 are associated with significant liver pathology. 
	Serum NLRP3 as a potential biomarker for liver necroinflammation, fibrosis, and steatosis. 

	Discussion
	Conclusion
	References


