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ABSTRACT 

4-hydroxy-2-nonenal (4-HNE) is a lipid peroxidation product that is known to be 

elevated during oxidative stress. During systemic inflammation and endotoxemia, 

plasma levels of 4-HNE are elevated in response to lipopolysaccharide (LPS) 

stimulation. 4-HNE is a highly reactive molecule due to its generation of both Schiff 

bases and Michael adducts with proteins, which may result in modulation of 

inflammatory signaling pathways. In this study, we report the production of a 4-HNE 

adduct-specific monoclonal antibody (mAb) and the effectiveness of the intravenous 

injection of this mAb in ameliorating LPS-induced endotoxemia and liver injury in 

mice. Endotoxic lethality was suppressed by the administration of anti-4-HNE mAb. 

After LPS injection, we observed a significant increase in the plasma levels of AST, 

ALT, IL-6, TNF-α and MCP-1, and elevated expressions of IL-6, IL-10 and TNF-α in 

the liver. All these elevations were inhibited by anti-4-HNE mAb treatment. As to the 

underlining mechanism, anti-4-HNE mAb inhibited the elevation of plasma high 

mobility group box-1 (HMGB1) levels, the translocation and release of HMGB1 in the 

liver and the formation of 4-HNE adducts themselves, suggesting a functional role of 

extracellular 4-HNE adducts in hypercytokinemia and liver injury associated with 

HMGB1 mobilization. In summary, this study reveals a novel therapeutic application 

of anti-4-HNE mAb for endotoxemia. 
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Abbreviations: Anti-4-HNE mAb, anti-4-hydroxy-2-nonenal monoclonal antibody; KLH, keyhole 

limpet hemocyanin; hr, hour/hours; BSA, bovine serum albumin; rat-SA, rat serum albumin; rabbit-

SA, rabbit serum albumin; HSA, human serum albumin; LPS, lipopolysaccharides; AST, aspartate 

aminotransferase; ALT, alanine aminotransferase; HMGB1, high mobility group box-1; iNOS, 

inducible nitric oxide synthase; COX-2, cyclooxygenase 2; PBS, phosphate-buffered saline.   
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1. Introduction 

Systemic inflammation is a common symptom of sepsis, and can result in cell death 

(Andreasen et al., 2008). Endotoxemia is a model of systemic inflammation that can be 

experimentally elicited in animals by lipopolysaccharide (LPS) administration (Sunil 

et al., 2007; Andreasen et al., 2008; Ko et al., 2008; Choi et al., 2013; Jiang et al., 2018; 

Lasselin et al., 2021). LPS causes excessive accumulation of lipid peroxidation 

products in mice (Mello et al., 2013; Li et al., 2020). 4-hydroxy-2-nonenal (4-HNE) is 

one of the most frequently studied products of lipid peroxidation from unsaturated fatty 

acids, and 4-HNE has been shown to form adducts with proteins through Michael 

addition and Schiff base formation (Andringa et al., 2014; Barrera et al., 2015; Gegotek 

and Skrzydlewska, 2019).  

Earlier studies have repeatedly documented that plasma 4-HNE is a biomarker for 

lipid peroxidation (Deng et al., 2007; Jackson et al., 2010; Ravera et al., 2015; Podszun 

et al., 2020). In addition, when produced excessively in cells, 4-HNE may create 

adducts with proteins, resulting in an antioxidant response, inflammation and apoptosis 

(Barrera et al., 2015; Gegotek and Skrzydlewska, 2019). When injected 

intraperitoneally, 4-HNE has been shown to exacerbate colonic inflammation through 

activation of Toll-like receptor 4 signaling (Wang et al., 2019). A high concentration 

(40 μM) of 4-HNE induces apoptosis of human retinal pigment epithelial cells by 

modifying HSP70 (Yang et al., 2019). 4-HNE has also been shown to induce hepatic 

cytotoxicity by activating the ROS-mediated effects on the JNK MAPK and p38 MAPK 

pathways (Song et al., 2017). Collectively, these findings suggest a critical role for 4-

HNE in the progression of septic conditions. 

High mobility group box-1 (HMGB1) is a DNA-binding protein that has distinct 
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functions depending on its subcellular localization (Zhou et al., 2011; Rao et al., 2017). 

HMGB1 is mobilized from the nucleus into the cytoplasm/extracellular space during 

inflammatory responses (Willingham et al., 2009; Lamkanfi et al., 2010; Lu et al., 2012; 

Lu et al., 2013). Studies using a neutralizing antibody (Ab) against HMGB1 showed 

that systemic treatment with the Ab conferred protection against brain injuries induced 

by ischemia, hemorrhage and trauma and improved neurological deficits in rats (Liu et 

al., 2007; Zhang et al., 2011; Wang et al., 2017). Extracellular HMGB1 appears to 

disrupt the blood–brain barrier under these insults and to subsequently enhance the 

brain inflammatory responses through the activation of glial elements (Wang et al., 

2017; Nishibori et al., 2020). In addition to brain inflammatory responses, HMGB1 has 

been shown to be involved in many inflammatory disease conditions (Andersson and 

Tracey, 2011; Nishibori et al., 2019). In their initial study of HMGB1, Wang et al. (1999) 

identified and characterized HMGB1 as a late mediator of endotoxic lethality. These 

findings suggest that LPS-induced endotoxemia might be ameliorated by targeting 

HMGB1. Additionally, previous studies demonstrated that two inflammatory mediators, 

i.e., inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX-2), are involved 

in sepsis (Yu et al., 2017; Natarajan et al., 2018; Singh et al., 2020). Moreover, 4-HNE 

has been shown to induce iNOS/COX-2 overexpression (Kumagai et al., 2004; Park et 

al., 2013; Gargiulo et al., 2018). 

In the present study, we report the production of a 4-HNE-specific monoclonal 

antibody (mAb) and evaluate its effectiveness against endotoxemia in mice. We found 

that the treatment with anti-4-HNE mAb ameliorated the lethality of mice and reduced 

the liver injury, in association with an inhibition of HMGB1 mobilization, cytokine 

production and 4-HNE adducts overexpression. Our study strongly suggested that the 
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extracellular 4-HNE adducts amplify the inflammation in endotoxemia and that anti-4-

HNE mAb may provide a novel therapeutic agent for endotoxemia. 
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2. Materials and methods 

2.1. Production of anti-4-HNE mAb 

We produced a series of rat monoclonal antibodies (mAbs) that recognize the protein 

adducts formed by aldehydes derived from sugar metabolism or unsaturated fatty acids 

in the plasma membrane. Briefly, D-glucose, glyceraldehyde, glycolaldehyde, 

methylglyoxal, glyoxal, CRA, MDA and 4-HNE were incubated with bovine serum 

albumin (BSA), rat serum albumin (rat-SA), rabbit serum albumin (rabbit-SA) and 

human serum albumin (HSA) for 24 hr at 37°C. After extensive dialysis of the 

incubation mixture against phosphate-buffered saline (PBS), rats were immunized with 

these protein adducts and iliac lymph node cells were extracted from the immunized 

rats 2–3 weeks thereafter. The lymph node cells were fused with mouse myeloma cells 

to produce a hybridoma. We cultured the hybridoma cells and measured their levels of 

the 4-HNE-specific mAb by ELISA, followed by cloning. Antibody (#13-1-1) was 

purified with MEP HyperCel resin (Pall Biosepra, Cergy, France) in 50 mM sodium 

citrate (PH 3.5), followed by PBS dialysis. 

 

2.2. Animals 

Adult male C57BL/6N mice (22 ± 3 g, 8 weeks) were purchased from SLC 

(Hamamatsu, Japan) and then housed in the institutional animal units of Okayama 

University under a 12-hr light/dark cycle. The mice were maintained on a standard 

rodent diet with free access to water. Up to four mice were kept per plastic cage with 

aspen wood bedding material. All experimental procedures were conducted in 



8 
 

accordance with Okayama University guidelines for animal experiments and were 

approved by the university committee on animal experimentation. 

2.3. Endotoxemia model 

The endotoxemia model was induced by an intravenous injection of LPS (10 mg/kg). 

The mice were treated with α-4-HNE mAb (1 mg/kg), α-KLH mAb (1 mg/kg) and PBS 

30 min after LPS injection, then sacrificed under deep anesthesia at 16 hr, 20 hr and 24 

hr after treatment with the mAbs.            

2.4. Murine sepsis score assay 

Sickness behaviors were evaluated at 6, 12 and 24 hr. The severity of endotoxemia 

was assessed using the following indices: appearance, level of consciousness, activity, 

response to stimulus, eyes, respiration rate, respiration quality. Each of these indices 

was assigned a score of 1 to 5 as follows: 1 = normal, active; 2 = slightly suppressed 

activity; 3 = severe illness; 4 = no activity; 5 = death (Shrum et al., 2014; Wake et al., 

2016).  

2.5. AST/ALT assay 

Plasma AST and ALT levels were determined by DRI-CHEM (DRI-CHEM 7000V 

(Z); Fuji Film, Tokyo, Japan) at the Department of Animal Resources, Advanced 

Science Research Center, Okayama University, Japan. Briefly, mouse blood was 

collected into a pre-chilled tube containing EDTA-2K. After centrifugation at 3000 rpm 

for 10 min, protease inhibitor cocktail (Sigma, St. Louis, MO) was added to the 

resultant plasma, which was then analyzed to determine the levels of AST and ALT. 
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2.6. TUNEL staining 

TUNEL staining of liver tissue was performed using an MK500 In Situ Apoptosis 

Detection Kit according to the manufacturer’s instructions (Takara Bio, Nagahama, 

Japan). Briefly, paraffin-embedded mouse liver sections were immersed 3 times in 

xylene, for 5 min each time, followed by gradient ethanol hydration. The sections were 

then permeabilized with 15 μg/ml proteinase K for 15 min. Endogenous peroxidases 

were inactivated with 3% H2O2 for 5 min. 50 μl of TdT enzyme in labeling buffer was 

added to each section and incubated for 60–90 min at 37°C. After washing with PBS 3 

times, 70 μl of anti-FITC HRP conjugate was added to each section and incubated for 

30 min at 37°C. The sections were then incubated in DAB- H2O2 solution for 15 min. 

The reaction was stopped by dH2O. Nuclei were stained by Mayer’s hematoxylin. 

Finally, the sections were mounted with Softmount (Wako, Osaka, Japan) and observed 

using a fluorescence microscope (BZ-X700; Keyence, Tokyo, Japan). 

2.7. H & E staining 

Briefly, paraffin-embedded liver sections were immersed in lemosol (Wako) 4 times, 

followed by immersion in tissue dehydration solution (Wako) 4 times. The nuclei were 

stained by Mayer’s Hematoxylin for 5 min. After washing with water, the cytoplasm 

was stained by Eosin (Wako) for 30 seconds. The sections were then immersed in 

dehydration solution (Wako) 4 times and washed by lemosol (Wako) 4 times. Finally, 

the sections were mounted with Softmount (Wako). The samples obtained at 16 hr, 20 

hr and 24 hr were observed using a BZ-8000 or BZ-X700 fluorescence microscope 

(Keyence).  
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To examine the degree of acute lung injury, we evaluated its five pathological 

features, including exudates production, hyperemia/congestion, intra-alveolar 

hemorrhage/debris, cellular infiltration, and cellular hyperplasia on the H&E stained 

preparations as described previously (Giangola et al., 2013; Hirano et al., 2015). The 

severity of each pathological features was evaluated by a score indicating 0 as 

absent/none, 1 as mild, 2 as to show moderate, and finally 3 for severe injury. The total 

lung injury score was calculated as the sum of these scores (Suppl. Fig. 2).  

2.8. Immunostaining assay 

Mouse liver paraffin-embedded sections were prepared for immunofluorescence 

staining. Primary antibodies including α-CD68 (Abcam ab125212, 1:100), α-F4/80 

(Abcam ab6640, 1:100), α-HMGB1 (Abcam ab18256, 1:500) and α-4-HNE (Abcam 

ab48506, 1:50) were used. In order to investigate the relationship between 4-HNE and 

HMGB1, double immunostaining was also performed. The sections were then 

incubated with secondary Abs conjugated with Alexa Fluor 488 (Invitrogen, Carlsbad, 

CA) or Alexa Fluor 555 (Invitrogen). Nuclei were stained with DAPI for 10 min, and 

the sections were then mounted with antifade mounting medium (Vectashield). The 

sections were observed using an LSM 780 confocal microscope (Carl Zeiss, Jena, 

Germany). 

2.9. Western blotting 

After addition of protease/phosphatase inhibitors, proteins were extracted from the 

tissue samples using T-PERTM Tissue Protein Extraction Reagent (Thermo Fisher 

Scientific, Waltham, MA). An equal amount of protein was electrophoresed on a 

polyacrylamide gel and transferred onto a PVDF membrane (Bio-Rad, Hercules, CA). 
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The membrane was blocked with 10% skim milk for 1 hr and incubated with primary 

Abs detecting β-actin (Santa Cruz sc-47778, 1:1000), HMGB1 (Abcam ab18256, 

1:1000), iNOS (Abcam ab178945, 1:1000), COX-2 (Abcam ab179800, 1:2000) 

overnight at 4°C. Secondary HRP-conjugated Abs were then incubated for 1 hr at RT. 

The signals were visualized by the luminal-based enhanced chemiluminescence HRP 

substrate method (Thermo Fisher Scientific). An Image Quant LAS4000 system was 

used for detection, and images were analyzed with ImageJ software (version 1.52a). 

2.10. HMGB1 ELISA 

The level of HMGB1 in mouse plasma was measured using an HMGB1 ELISA Kit 

Exp (Shino-test, Tokyo, Japan) according to the manufacturer’s instructions. Briefly, 

mouse blood was collected into EDTA-2K-containing pre-chilled tube. After 

centrifugation at 3000 rpm for 10 min, protease inhibitor cocktail (Sigma) was added 

to the resultant plasma. Then the plasma was used for HMGB1 detection with the 

ELISA Kit.  

2.11. RNA isolation and real-time PCR 

Fresh mouse liver tissue was stabilized in RNA stabilization solution (RNAlater 

Solution; Ambion, Austin, TX) overnight at 4°C, and mRNA was extracted using an 

RNeasy mini kit (Qiagen, Hilden, Germany). cDNA was synthesized with a Takara 

RNA PCR kit (version 3.0: Takara Bio) according to the manufacturer's instructions. 

Real-time PCR was performed with a Light Cycler (Roche, Basel, Switzerland) 

according to the manufacturer's instructions. The primers shown in Table S1 were used 

to amplify specific cDNA fragments. GAPDH expression was used to normalize cDNA 

levels. The PCR products were analyzed by a melting curve to ascertain the specificity 
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of amplification, and the relative fold-change in the gene expression levels in samples 

was calculated with the Δ–Δ Ct method. 

2.12. Cytometric bead array 

We measured the mouse plasma cytokines after LPS injection at 24 hr by performing 

a cytometric bead array assay using a Mouse/Rat Soluble Protein Master Buffer Kit and 

Cytokine Flex Set (BD Biosciences, San Jose, CA) following the manufacturer's 

instructions. The protocol of this experiment was almost the same as in our previous 

study (Gao et al., 2019). Briefly, multiple capture beads for IL-6, TNF-α, MCP-1, and 

IFN-γ were mixed together. The mixed capture beads were then co-incubated with 50 

μl of plasma dilution and detection reagent for 2 hr. Finally, the beads were washed 

carefully and resuspended. Samples were analyzed using a MACSQuant analyzer 

(Miltenyi Biotec, Bergisch Gladbach, Germany), and the data were analyzed with 

FCAP Array software. 

2.13. Neutralization of anti-4-HNE mAb 

Anti-4-HNE mAb (Abcam ab48506) at a final concentration of 14 μg/ml was 

incubated with BSA-4-HNE, HSA-4-HNE, RSA-4-HNE at a final concentration of 200 

μg/ml or PBS at 4°C overnight with gentle rotation. After absorbing the antigen, the 

mixture was then used to perform immunofluorescence staining of 4-HNE. A secondary 

Ab conjugated with Alexa Fluor 488 (Invitrogen) was used in this experiment. Nuclei 

were stained with DAPI for 10 min, and then the sections were mounted with antifade 

mounting medium (Vectashield). The sections were observed using an LSM 780 

confocal microscope (Carl Zeiss). 

2.14. Statistical analysis 
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 Data are expressed as mean ± standard deviation (SD) and analyzed using GraphPad 

Software Prism 7.0. Statistical significance was determined by one-way analysis of 

variance (ANOVA) followed by Tukey’s test or Dunnett’s test. The details of each 

experiment, including the number of samples, are included in the figures’ legends. The 

date analysis of the results of COX-2 expression by Western blot was performed by 

Mann-Whitney U-test. Differences in values were considered significant if P <0.05.  
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3. Results	

 

3.1. Characterization and selection of a rat mAb against 4-HNE adducts 

 

Figure 1A shows the protocol for the production of anti-4-HNE-specific mAb. We 

made an antigen molecule for immunization, i.e., a 4-HNE adduct on rat serum albumin, 

and immunized rats with this antigen. After obtaining the iliac lymph nodes, we 

produced a hybridoma by the fusion of rat lymphocytes with mouse myeloma cells as 

described previously (Liu et al., 2007). We screened the mAbs by means of an ELISA 

using microtiter plates coated with various albumin adducts, as shown in Fig. 1B. 

Among the positive clones recognizing 4-HNE-rat SA, a single clone (#13-1-1) did not 

cross-react with any of the aldehyde adducts on BSA, rat-SA, or HSA, except for 4-

HNE adducts on BSA, rabbit-SA and HSA (Fig. 1B). To further evaluate the lab-made 

anti-4-HNE adduct mAb (#13-1-1), Western blotting was carried out to confirm its 

specificity. Among the 4-HNE-serum albumins from different species, the mAb (#13-

1-1) showed the highest binding to 4-HNE-rat-serum albumin, and it did not show any 

reaction with cognate rat-serum albumin (Fig. 1C). These results from Western blotting 

(Fig. 1C) were consistent with those from ELISA (Fig. 1B), except for the weak 

recognition of 4-HNE-BSA by the mAb on Western blotting. Taken together, the results 

indicate that we successfully produced a mAb that highly recognizes a 4-HNE-specific 

adduct on serum albumin. 
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3.2. Effects of anti-4-HNE mAb treatment on lethality and tissue injuries in endotoxemic 

mice  

 

Figure 2A shows the protocol used to induce endotoxemia in mice. The 

administration of anti-4-HNE mAb, anti-KLH mAb or PBS was carried out 30 min after 

the injection of LPS. The survival rates of endotoxemic mice treated with PBS or anti-

KLH control mAb were 30% and 25%, respectively, 6 days after LPS injection (Fig. 
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2B). Treatment with anti-4-HNE mAb significantly improved the survival rate to 73% 

(Fig. 2B). We also determined the murine sepsis score (MSS) (Shrum et al., 2014; Wake 

et al., 2016) within 24 h after LPS injection (Fig. 2C). Mice in the anti-4-HNE mAb-

treated group had lower scores compared with those in the PBS- and anti-KLH mAb-

treated groups at 24hr after LPS, implying that the general condition of the former mice 

was improved.  

It is well known that multi-organ failure is often observed in lethal endotoxemia. To 

evaluate the endotoxemia-related tissue injuries and the protective effects of anti-4-

HNE mAb, we carried out histological examinations and measured plasma cytokine 

levels and inflammatory responses in the tissues, with a particular focus on liver and 

lung injuries.  

To evaluate liver injury, we measured the plasma aspartate aminotransferase (AST) 

and alanine aminotransferase (ALT) levels (Fig. 2D, E). Both plasma AST and ALT 

were increased after LPS injection. The administration of anti-4-HNE mAb 

significantly inhibited the increase in AST and ALT, while the control mAb did not 

produce any effects (Fig. 2D, E). Hematoxylin-eosin (H&E) staining of the liver 

revealed that LPS induced much larger intercellular gap areas in the PBS- and anti-

KLH mAb- treated groups at 24 hr compared with those of the sham and anti-4-HNE 

mAb-treated groups (Fig. 2F). This was also true for H&E staining at 16 hr and 20 hr 

(Suppl. Fig. 1A, B). TUNEL staining showed that there were many TUNEL-positive 

apoptotic cells in the LPS- and anti-KLH mAb-treated groups, but we found a 

significantly lower number of apoptotic cells by the administration of anti-4-HNE mAb 

(Fig. 2G). 

Supplementary Figure 2 shows the HE-staining of lung tissue with lower and higher 
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magnifications 20 hr after the injection of LPS. In the control animals treated with PBS 

or anti-KLH mAb, multiple features of lung inflammatory responses were apparent, 

including exudate, increased thickness of alveolar walls, leukocyte adhesion/infiltration 

and congestion. Histological scoring of the lung injury based on the inflammatory 

responses (Suppl. Fig. 2B) clearly revealed that the lung injury was accompanied by 

endotoxemia under the present conditions. The effects of the treatment with anti-4-HNE 

mAb on lung injury were marginal and did not reach the level of statistical significance.  
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3.3. Effects of anti-4-HNE mAb treatment on the mRNA expression of inflammation-
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related cytokines in the liver and their plasma levels 

 

We found that the expressions of several inflammation-related cytokines, such as IL-

6, IL-10 and TNF-α, were markedly induced by LPS at 24 hr, and that these expressions 

were strongly suppressed by treatment with anti-4-HNE mAb (Fig. 3A). Similar results 

were observed at both 16 hr and 20 hr after mAb treatment (Suppl. Fig. 3A, B). 

Moreover, the administration of LPS resulted in a remarkable increase of IL-6, TNF-α, 

MCP-1 and IFN-γ in the plasma of mice at 24 hr, and these increases were also 

suppressed by anti-4-HNE mAb treatment (Fig. 3B). The results thus indicated that 

anti-4-HNE mAb treatment prevented the proinflammatory cytokine responses and 

suppressed the resultant plasma levels of inflammatory cytokines.  

Measurement of the expression of proinflammatory cytokines and other 

inflammation-related molecules in the lung showed that endotoxemia induced 

significant increases in the expressions of IL-1b, TNF-a, IL-6, IL-10, MCP-1 and iNOS 

at 20 hr after LPS (Suppl. Fig. 3). However, among the inflammation-related molecules 

examined, only the expression of IL-1b was significantly suppressed by the 

administration of anti-4-HNE (Suppl. Fig. 4). 
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3.4. Anti-4-HNE mAb modulates macrophages and HMGB1 release in liver 

 

To investigate the mechanism underlying the protective effects of anti-4-HNE mAb 

on the endotoxemic mouse liver, we examined the distribution of macrophages in the 

liver tissue and the translocation of HMGB1, a representative DAMP, in hepatocytes. 

There were a considerable number of CD68-positive cells in the livers of sham mice. 
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Although the administration of LPS did not produce any significant change in the 

number of CD68-positive cells in PBS-treated or anti-KHL mAb-treated mice, the 

treatment with anti-4-HNE mAb significantly decreased the number of CD68-positive 

cells when compared with other LPS-injected groups (Fig. 4A,D). Similarly, we 

observed a significantly smaller number of F4/80-positive cells in the anti-4-HNE 

mAb-treated group compared with the PBS and anti-KLH mAb treatment groups in 

endotoxemic mice (Fig. 4B, D). Next, we stained the liver tissue sections with anti-

HMGB1 Ab (Fig. 4C). In sham control mice, HMGB1 was restrictively localized to the 

nuclei of hepatocytes. Administration of LPS induced a clear translocation of HMGB1 

from nuclei to cytosol at 24 hr, while this translocation was significantly suppressed in 

the anti-4-HNE mAb-treated group (Fig. 4C, D). 

To further confirm the effects of anti-4-HNE mAb on HMGB1 translocation and 

release in the liver, we performed Western blotting of HMGB1 in the liver tissue and 

determined the plasma HMGB1 levels using ELISA (Fig. 4D, E). The results showed 

that the liver tissue levels of HMGB1 were decreased after LPS, whereas the plasma 

levels of HMGB1 were increased 2.5-fold by LPS administration in the PBS- and anti-

KLH mAb-treated groups (Fig. 4F). The treatment with anti-4-HNE mAb significantly 

inhibited the elevation of plasma HMGB1 levels. These results suggested that LPS 

administration induced the translocation/release of HMGB1 from the liver and other 

tissues into circulation, and this effect was prevented by anti-4-HNE mAb (Fig. 4D, E). 
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3.5. Anti-4-HNE mAb suppresses 4-HNE adducts by modulating HMGB1 release from 
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the liver 

 

HMGB1/4-HNE double staining suggested that the formation of 4-HNE adducts in 

the liver tissue may have relevance to the HMGB1 translocation and vice versa at 24 hr 

(Fig. 5A). Consistent with this result, when we stained liver tissue at 16 hr and 20 hr 

after mAb treatment, the LPS-induced increase in HMGB1 translocation and 4-HNE 

adducts formation were reversed by anti-4-HNE mAb treatment (Suppl. Fig. 5A, B). 

Moreover, we observed a relationship between HMGB1 and the 4-HNE adducts—

namely, the activation of HMGB1 translocation/release was inversely correlated with 

the expression of 4-HNE adducts (Fig. 5B). To check the specificity/accuracy of 4-HNE 

staining, we neutralized the primary Ab with BSA-4-HNE, HSA-4-HNE and RSA-4-

HNE overnight, and found that the nuclear 4-HNE staining vanished, indicating that 

the reaction was specific for 4-HNE adducts and the major portion of the 4-HNE 

adducts may have been located in the hepatocyte nuclei (Suppl. Fig. 6B-E).  
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3.6. Effects of anti-4-HNE mAb on iNOS/COX-2 levels in the liver 

 

To further clarify the protective effects of anti-4-HNE mAb, we examined the 

expression of two other inflammation-related molecules, iNOS and COX-2 (Fig. 6A). 

The Western blotting showed that LPS significantly induced both iNOS and COX-2, 

and treatment with anti-4-HNE mAb suppressed the elevations of iNOS and COX-2 

expression (Fig. 6B).  
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4. Discussion 
  

Reactive oxygen species (ROS) are now recognized as very important factors in the 

process of tissue injury, innate immunity and cell death (Ayala et al., 2014; Schauer et 

al., 2015). ROS may be produced in response to different exogenous stimuli—such as 

ionizing radiation, ultraviolet rays, pathogen infections and environmental toxins—that 

result in an imbalance between the prooxidant and antioxidant levels in favor of 

prooxidants. Once produced, ROS in turn facilitate the auto-oxidation of unsaturated 

fatty acids such as arachidonic acid in the cell membrane, leading to the formation and 

release of reactive aldehydes including 4-HNE, malonedialdehyde and crotonaldehyde  

(Fritz and Petersen, 2013; Schauer et al., 2015). The released 4-HNE appears to be very 

active and form adducts with proteins, nucleic acids and lipids (Perluigi et al., 2012; 

Fritz and Petersen, 2013), resulting in the modulation of transcription, metabolism and 

cellular signaling (Ayala et al., 2014; Schauer et al., 2015).  There are many reports 

showing marked increases in the plasma protein adducts of 4-HNE under different 

disease conditions involving tissue injuries and oxidative stress (Ayala et al., 2014; 

Schauer et al., 2015). Therefore, plasma 4-HNE adducts have been used as effective 

biomarkers of oxidative stress in the affected tissues (Schauer et al., 2015). However, 

few studies have examined the causal relationship between the existence of 

extracellular 4-HNE adducts and the enhancement of the inflammatory responses that 

lead to tissue damage, such as cytokine/chemokine production, vascular 

hyperpermeability, and leukocyte infiltration.  

In the present study, to evaluate the possible involvement of extracellular 4-HNE 

adducts in tissue injury and inflammation, we produced a mAb specific for a 4-HNE-

adduct. Namely, mAb #13-1-1 recognized a 4-HNE-specific adduct of rat serum 
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albumin, which cross-reacted with the 4-HNE adducts of various serum albumins from 

different animals (Fig. 1).  In addition, this anti-4HNE mAb did not recognize 8 other 

aldehyde-derived adducts (Fig. 1). These results indicated that, among the structurally 

relevant adducts, the anti-4-HNE mAb (#13-1-1) was specific for a 4-HNE adduct and 

recognized a similar epitope on protein substrates beyond species (Campos-Pinto et al., 

2019). When administered intravenously to mice, the anti-4-HNE mAb probably first 

encounters the antigen in the plasma or extracellular space. In our experiments, 

neutralization and/or removal of 4-HNE adducts by the specific anti-4-HNE mAb 

improved the survival of endotoxemic mice (Fig. 2B). As to the underlying mechanism, 

the anti-4-HNE mAb appeared to exert beneficial effects on liver inflammation by 

inhibiting cytokine production (Fig. 3), HMGB1 mobilization and macrophage 

activation (Fig. 4).  

LPS is a representative PAMP of bacterial origin, and one of the ways it reaches the 

liver is via translocation from the gut (i.e., pathological bacterial translocation). The 

translocation of a small amount of LPS from the gut to the liver is now recognized as a 

cause of metabolic endotoxemia (Fuke et al., 2019; Mohammad and Thiemermann, 

2020), which may orchestrate the intercellular response in the liver micromilieu and 

regulate the metabolic balance through the detection of LPS (Ferro et al., 2020; 

Mohammad and Thiemermann, 2020). Thus, the liver appears to play a major role in 

the response to LPS as well as in the detection and clearance of LPS from the 

bloodstream.  In addition, relatively high levels of LPS are known to induce systemic 

endotoxemia with hypercytokinemia, endothelial disorder, and microcirculatory failure, 

which has been repeatedly used for evaluating the systemic inflammation in animals 

(Bannerman and Goldblum, 2003; Dickson and Lehmann, 2019). LPS is first 



28 
 

recognized by pattern recognition receptors that trigger an innate immune response. 

The involvement of toll-like receptor-4 (TLR4)/MD2/CD14 in the recognition of LPS 

molecules on the macrophage cell surface has been well established (Takeda and Akira, 

2004;Yamamoto et al., 2004). After the engagement of LPS with the receptor complex, 

the MyD88, TIRAP and IRAK activation cascade leads to the activation of NF-kB or 

MAP kinases, resulting in the inflammatory responses. RAGE may be another pattern-

recognition receptor which triggers the NF-kB pathway in macrophages (Yamamoto et 

al., 2011). Recent studies have also demonstrated that LPS may be incorporated into 

hepatocytes and induce the production of cytokines such as IL-1b and IL-18 through 

caspase-dependent and gasdermin D-dependent processes (Deng et al., 2018; Li et al., 

2020a). During the process of LPS uptake into hepatocytes, HMGB1 may play a carrier-

like role by complex formation with LPS and subsequent incorporation into hepatocytes 

via endocytotic process (Deng et al., 2018; Li et al., 2020a). Thus, HMGB1 

translocation and release from the hepatocytes observed under endotoxemia appear to 

be intimately linked to LPS stimulation and uptake (Deng et al., 2018; Li et al., 2020a), 

leading to efficient amplification of the responses to LPS through the production of 

proinflammatory cytokines. During these processes, it is quite likely that the production 

of 4-HNE occurs in the liver tissue, and indeed, hepatic localization of 4-HNE was 

histochemically confirmed in our experiments (Fig. 5 and Suppl. Fig. 5).  In addition, 

the production of 4-HNE adducts in the liver in endotoxemic rats/mice has been 

reported by other groups (Zhang et al., 2000; Gujral et al., 2004; Sakaguchi and 

Fujisawa, 2006). In the present study, we found that the mRNA expression of cytokines 

such as IL-6 and TNF-a was induced in the liver of endotoxemic mice, and this 

expression was strongly inhibited by the administration of the anti-4HNE mAb. Anti-
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4-HNE mAb also inhibited the translocation of HMGB1 in and release of HMGB1 from 

hepatocytes. Consequently, it is apparent that LPS-induced responses such as HMGB1 

release, cytokine production and 4-HNE formation (Figs. 3, 4, and 5) were interrelated 

in the liver and that the 4-HNE adducts in the extracellular space may amplify the 

responses to LPS while linking each event. Such a relationship might be a reason why 

the treatment with anti-4HNE mAb efficiently suppressed the LPS-induced liver injury 

with the elevation of AST and ALT in plasma, leading to the improvement of lethality 

of endotoxic mice. In our previous studies (Zhang et al., 2011; Wang et al., 2022a), we 

observed that the administration of neutralizing mAb against HMGB1 to rats with brain 

ischemia/reperfusion or hemorrhage not only suppressed the mobilization and release 

of HMGB1 in the brain but also inhibited the production of 4-HNE adducts in plasma 

and in the brain tissue. These results also support the idea that the actions of HMGB1 

and the production of 4-HNE adducts are closely related, and are consistent with the 

present results mentioned above. 

Previous studies indicated that macrophages are involved in LPS-induced hepatic 

damage (Song et al., 2003; Pervin et al., 2018; Schippers et al., 2020). It has also been 

conjectured that LPS may alter the liver microenvironment by modulating M1 and M2 

macrophage-related inflammatory mediators and macrophage-based hepatotoxicity 

(Rankine et al., 2006; Pervin et al., 2018). Consistent with this idea, when we stained 

macrophages in liver tissue with CD68 and F4/80, positivity for both markers was 

increased after LPS challenge, but neither CD68 nor F4/80 positivity was significantly 

increased in the anti-4-HNE mAb treatment group. Our results on CD68 and F4/80 

staining suggest that anti-4-HNE mAb administration prohibited the macrophage 

activation. The upregulation of iNOS /COX-2 in the liver observed in the present study 
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was consistent with the findings reported previously in septic animals (Natarajan et al., 

2018; Singh et al., 2020). This upregulation was inhibited by anti-4-HNE mAb. 

Compared with the effects on liver injury, the effects of anti-4HNE mAb on lung injury 

were marginal (Suppl. Fig. 2 and Suppl. Fig. 6), suggesting that extracellular 4-HNE 

adducts made only a minor contribution to the lung injury and inflammation.  

Wang et al. (Science, 1999) first reported that HMGB1 may be a late mediator of 

endotoxemia induced by LPS. HMGB1 appears to have many mechanisms for 

amplifying systemic inflammation. For example, HMGB1 stimulates plural receptors 

directly (RAGE and TLR-4/2) and indirectly (CXCR4 and IL-1bR) by complex 

formation with the respective cytokines, and facilitates the incorporation of pathogen-

derived DNA into host cells in association with the activation of inflammasomes. The 

decreased levels of plasma HMGB1 by anti-4HNE mAb treatment (Fig. 4F) should 

contribute to the diminution of plasma levels of cytokines (Fig. 3B).  

  The translocation of gut-derived LPS into the portal vein may occur due to 

disruption of the intestinal barrier. The gut–liver axis plays an important role not only 

in the development of liver disease (An et al., 2022) but also in the dysfunction of distal 

organs other than the liver through the systemic innate immune response 

(Assimakopoulos et al., 2022; Wang et al., 2022b).  Therefore, the existence of 

extracellular 4-HNE protein adducts may contribute to the amplification of 

inflammation in the liver and its subsequent spread to distal organs. Further works will 

be needed to investigate this possibility.        

In conclusion, we demonstrated the beneficial effects of a 4-HNE-specific mAb 

on endotoxemia in mice. The neutralization of 4-HNE adducts present in the 

extracellular space was shown to lead to a reduction of inflammatory responses in the 
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liver as well as to reductions in hypercytokinemia and plasma HMGB1. Therefore, 

plasma 4-HNE adducts are not only biomarkers of systemic oxidative stress but also a 

possible target for the treatment of endotoxemia and other inflammatory diseases.  
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