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Abstract
Haptoglobin (Hp) is an acidic glycoprotein, existing in the serum and other body fluids of human beings and a variety of mammals. Hp is produced in the liver, white adipose tissue, and the kidney. The genetic polymorphisms and different phenotypes of Hp have different biological functions. Hp has antibacterial, antioxidant, and angiogenic effects and is associated with multiple diseases including simple obesity, vascular complications of diabetes mellitus, nonalcoholic fatty liver disease, hypertension, blood diseases, autoimmune diseases, and malignant tumors. Hp also participates in many life activities, indicating the importance of Hp in further studies. Previously, we found that the expression of serum Hp changed after treatment of simple obesity patients in clinical trials. However, the specific mechanism of Hp in patients with simple obesity is still unclear. The purpose of this article is to introduce recent research progress on Hp, emphasizing the relationship between Hp and the development of metabolic disease, which will improve the understanding of the functions of Hp underlying metabolic diseases and discuss future research directions.
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Core Tip: Although there are a large number of articles and reviews on metabolic diseases every year involving epidemiology, therapies, comparisons of treatment methods, health strategies, and comorbidities, data on different treatment methods are still limited. The current research focus is the relationship between haptoglobin (Hp) and the development of metabolic diseases, the warning effect of Hp for metabolic diseases, and the latest research progress on haptoglobin. Through this review, our ideas and future research directions will be made clearer.

INTRODUCTION
Haptoglobin (Hp), a circulating tetrameric glycoprotein[1], was originally discovered in human plasma[2] and considered to be a reactive protein in the acute inflammatory phase. Hp is expressed in multiple tissues and cell types. Earlier studies suggested that Hp is an acute phase reactive protein synthesized only in internal organs. Further studies found that Hp was also expressed in other tissues including endometriosis tissue[3,4], white adipose tissue, and colorectal cancer tissues[5]. The main functions of Hp are binding with hemoglobin (Hb) and transporting Hb to macrophages to form Hp-Hb complex in a hemolyzed state, protecting Hb, and avoiding excessive Hb damage via oxidative stress. Hp has two alleles (Hp1 and Hp2) and three basic genotypes (Hp1-1, Hp1-2, and Hp2-2). Different genotypes are associated with different diseases. The Hp2 genotype is mainly related to metabolic diseases. Previous evidence demonstrated that Hp2 positively correlated with diabetic complications and can be used as a biomarker for simple obesity. Therefore, an increasing number of researchers are committed to exploring the causal relationship between Hp and metabolic diseases to better study the role of Hp and provide new therapeutic methods for the clinical treatment of metabolic syndrome. However, few reviews have focused on the metabolic functions of Hp as well as the specific mechanism of Hp in patients with simple obesity. In this review, we introduced recent research progress on Hp, emphasized the relationship between Hp and metabolic disease, and discussed further research directions of Hp. 

SECONDARY STRUCTURE AND GENETIC POLYMORPHISM
We used “haptoglobin” as a keyword to search for the Hp protein sequence information in the UniProt online database (P00738). The number of human Hp amino acids is 406, and the relative molecular weight of the protein is 45205 Dalton. The PSIPRED online analysis software was used to analyze the secondary structure of human Hp. Hp β-sheet structures were far more abundant than α-helix structures (Figure 1).
There are two major allelic forms, alpha-1 with 83 residues and alpha-2 with 142 residues, in human populations. The alleles exhibit different oligomerization properties. The sequence displayed in this protein corresponds to the alpha-2 allele. There are two pairs of peptide chains (α chain and β chain) in the molecule to form a tetramer of α2β2. The polymorphism of Hp is mainly caused by genetic variation of the α chain. The Hp gene is located at 16q22 and is codominantly inherited. These alleles determine three possible genotypes, named Hp1-1, Hp1-2, and Hp2-2, and the different genotypes are related to specific disease types.
The specific phenotype is related to the type of disease and has different functions. Hp1-1 is a susceptibility gene for infectious diseases (such as parasite infection). Hp1-1 homozygotes were more likely to have parasite infections than other types in studies related to Schistosoma parasite infections in central Sudan[6]. The Hp2-2 genotype is mainly associated with metabolic diseases and metabolic complications. In 2019, a retrospective study indicated that patients with nonalcoholic fatty liver disease had a higher Hp2-2 genotype frequency than Hp1-1 gene frequency compared with those of healthy controls; moreover, nonalcoholic fatty liver disease patients with the Hp2-2 genotype had higher body mass index (BMI), total cholesterol, liver enzyme, ferritin, and controlled attenuation parameter values than those with the non-Hp2-2 genotype[7]. Another cross-sectional study showed that in diabetes, obesity, and smoker patients, the Hp2-2 genotype is the main factor leading to increased coronary artery stenosis[8].
To study the function of a protein, it is necessary to grasp the high-level structural characteristics of the protein. The UniProt online database was used to predict and analyze the tertiary structure of human serum Hp (Figure 2). It is a 3-dimensional structure database cross-referencing points to data collections other than UniProtKB to show the predictive analysis of the tertiary structure of human serum Hp.

FUNCTION OF HP
Using String online analysis software to predict and analyze the proteins interacting with human serum Hp, the results showed that there are 11 interacting proteins, and a network diagram of 11 protein interactions was predicted (Figure 3). Each node represents all the proteins produced by a single protein-coding gene locus, and the thickness of the wire indicates the strength of data support. The association between proteins is meant to be specific and meaningful, and proteins jointly contribute to a shared function. Hb subunit beta, Hb subunit alpha-1, and Hb subunit alpha-2 are mainly involved in transporting oxygen from the lung to other peripheral tissues. Apolipoprotein A-I, a cofactor for lecithin cholesterol acyltransferase, participates in the reverse transport of cholesterol from tissues to the liver for excretion by promoting cholesterol efflux from tissues. Apolipoprotein E can serve as a ligand for the low density lipoprotein receptor, and the specific apolipoprotein E receptor of hepatic tissues mediates the binding and catabolism of lipoprotein particles.
Scavenger receptor cysteine-rich type 1 protein M130 (CD163), an acute phase regulated receptor involved in clearance and endocytosis of Hb/Hp complexes by macrophages, may thereby protect tissues from free Hb-mediated oxidative damage. According to the network diagram of protein interactions, the function of Hp can be summarized, mainly including the following points.

Antioxidant effects
Once the body’s antioxidant defense capacity is overwhelmed and no longer able to detoxify reactive oxygen, oxidative stress will occur. Then, oxidative damage to cell lipids, DNA, and proteins will eventually lead to cell and organ dysfunction. However, when Hp binds to Hb, it forms a stable Hp-Hb complex, which is metabolized by endocytosis mediated by CD163 to prevent free Hb from damaging the kidney. The complex formed by Hp binding to free Hb with high affinity can be rapidly cleared by reticuloendothelial cells. The complex has a large molecular weight and will not be excreted from the urine through the glomerular filter membrane, thus preventing both the loss of heme and kidney damage caused by hemolysis[9]. After Hp and free Hb binding forms a complex, it presents a new antigenic determinant, which can be recognized and bound by the Hb clearance receptor (CD163) on the surface of monocytes and macrophages and then phagocytically degraded to remove free Hb from the blood circulation[10]. Chen et al[11] used cell experiments to prove that after central nervous system hemorrhage, Hp decreased the protective response of glial cells to ferritin induction and increased the vulnerability of CD163-expressing neurons to Hb to protect neurons from Hb. In sepsis models, plasma proteins combined with cell-free Hb can improve survival.

Anti-inflammatory effect
CD163 is a member of the cysteine-rich scavenger receptor family[12] and a type I membrane protein that is a widely used marker of monocytes/macrophages and microglia. It has been demonstrated that the plasma-cleared Hp-Hb complex is a highly expressed macrophage membrane protein receptor. CD163 rapidly clears Hp-Hb complexes mainly through the endolysosomal degradation pathway. CD163-mediated (cellular) endocytosis of the Hp-Hb complex can also replace the main pathway for tissue macrophages to take up iron. One study[13] confirmed that the Hp-CD163-heme oxygenase-1 pathway is an effective capture-receptor-enzyme system, and this pathway is mediated by the acute phase regulated by interleukin 6. It generally has anti-inflammatory effects and can enhance the anti-inflammatory effects of the Hp-CD163- heme oxygenase-1 pathway. In general, the function of the CD163 and Hp connection is induced during inflammation, and CD163 is a soluble factor involved in the anti-inflammatory response and exhibits cytokine-like functions. 
A recent study aimed to investigate the effect of Hb/Hp treatments on the macrophage phenotype in a lipopolysaccharide stimulated inflammatory environment. It has been reported that Hb/Hp treatment can significantly reduce the expression of macrophage inflammatory factors in the environment stimulated by inflammation and lipopolysaccharide, which indicates that Hp has the greatest effect on reduction in overall inflammation and may be related to the high motility group box 1 (HMGB1) pathway. In addition, Hp treatment can also accelerate the healing of biopsy perforation wounds in diabetic mice[14]. In addition, HMGB1 is actively secreted or passively released into the extracellular environment during infection or injury, while HMGB1 is captured in the presence of Hp. The Hp and HMGB1 complex causes an anti-inflammatory response, and parallel endocytosis of the HMGB1-Hp complex acts through CD163[15].

Metabolism regulation
Apolipoprotein A-I is a kind of apolipoprotein A and an activator of lecithin cholesterol acyltransferase. It can convert cholesterol into cholesterol esters, promote cholesterol transport, and regulate high density lipoprotein (HDL) metabolism and prevent the occurrence of atherosclerotic cardiovascular disease. The combination of Hp and Hb reduces the inhibitory effect of HDL in the inflammatory state of sickle cell disease, and it has been found that HDL maintained its anti-inflammatory activity in Hp knockout mice[16]. An investigation of Hp gene (HPR) polymorphism and serum Hp concentration reported a comparison of the non-HDL cholesterol, HDL cholesterol, and triglyceride concentrations of overweight subjects (25 ≤ BMI < 30) and healthy subjects (BMI < 25). Hp was positively correlated with HDL and cholesterol concentrations but not with the triglyceride concentration through linear regression analyses[17].

RELATIONSHIP BETWEEN HP AND METABOLIC DISEASES
The expression level and gene polymorphism of Hp are also considered to relate to the occurrence and development of metabolic diseases, such as obesity, type 2 diabetes (T2DM), complications of diabetes, and so on.

Hp and obesity
The Hp protein is involved in the relationship between obesity and chronic inflammation and has many novel functions. Hp mRNA in white adipose tissue (WAT) is significantly upregulated in obese leptin receptor-deficient db/db mice compared to that in wild-type mice[18]. Hp is not only a marker of terminal differentiation of adipocytes, but also actively participates in this process. It was observed in the 3T3-L1 cell model that with the continuous differentiation of adipocytes the expression of Hp was significantly increased[19]. When the Hp gene was knocked out, the number of Hp-/- fat cells in mice was significantly reduced 30 d after birth compared with that in wild-type mice[20]. Obesity cohort studies have confirmed that circulating Hp can be used as a biomarker for simple obesity[21,22]. Recently, scientists investigated the relationship between serum Hp RS2000999 and childhood and adult obesity in two Mexican population case and control studies of 540/697 and 592/691 subjects, respectively. The results showed that Hp levels were positively correlated with childhood and adult obesity. Their data provided evidence for a causal positive association between serum Hp levels and childhood obesity in the Mexican population and proposed Hp as an important biomarker and treatment target for obesity[23].
Tumor necrosis factor receptor knockout mice were crossed with leptin-deficient ob/ob obese mice, and the resulting (double knockout) model was compared with control (ob/ob) mice. In contrast, WAT Hp expression was significantly reduced in tumor necrosis factor receptor knockout mice[24]. Obese model mice with an Hp gene knockout had significantly reduced WAT macrophage content and inflammatory factor expression. WAT inflammation characteristics were related to the onset of obesity-related complications, and these presentations improved in obese Hp-deficient mice. In the absence of Hp, obesity-associated insulin resistance and hepatosteatosis are attenuated[4].
Obese patients have chronic inflammation and insulin resistance, and chronic inflammation and insulin resistance interact with each other. It is now believed that adipose tissue is an endocrine organ, and fat cells also secrete Hp, which can be used as a biomarker[1]. Hp is an important participant in triggering WAT inflammation during the onset of obesity and is expressed in adipocytes in the initial stage of obesity. Hp induced increased expression in WAT with weight gain. Through upstream signals, including tumor necrosis factor alpha and interleukin 6, activated macrophages in adipose tissue released inflammatory factors. This caused a further increase in Hp levels through chemokine receptor 2 interaction with Hp, and circulating macrophages/monocytes were recruited to WAT. Macrophages/monocytes release a large amount of monocyte chemotactic protein 1 to recruit more macrophages/monocytes to infiltrate into WAT and cause the inflammation state to continue to worsen and cause a series of obesity complications[1].

Hp and diabetes
Currently, increasing evidence shows that Hp is closely related to various complications of diabetes. A cohort study analyzing urine Hp to predict the risk of death in patients with T2DM indicated that Hp may be a new biomarker for the risk of death in patients with T2DM[25]. Furthermore, a recent study demonstrated that intensive glucose-lowering therapy was an effective way to prevent incident coronary heart disease and cardiovascular disease events with the Hp2-2 phenotype[26]. It has also been shown that several functional differences between Hp phenotypes seem to have a role in the occurrence of coronary artery disease (CAD) in patients with T2DM with important biological and clinical significance. Hamdy et al[27] compared the serum Hp levels and genotypes of patients with T2DM without CAD and patients with T2DM with CAD. This project further confirmed that the Hp2-2 phenotype is considered to be the main susceptibility gene for the development of T2DM with CAD. This method of disease prediction by genotype is of great convenience for predicting the development of CAD and the correct treatment and prevention of T2DM. Furthermore, the Hp phenotype was determined in 5806 non-Hispanic white Action to Control Cardiovascular Risk in Diabetes participants using a validated assay. Compared with standard therapy, intensive therapy was associated with a lower risk of incident coronary heart disease among participants with the Hp2-2 phenotype, and intensive glucose-lowering therapy was effective at preventing incident coronary heart disease and cardiovascular disease events in Action to Control Cardiovascular Risk in Diabetes study participants with the Hp2-2 phenotype[26]. Some researchers have studied 233 patients with T2DM for more than a decade and reported that serum Hp levels in T2DM patients with diabetic kidney disease (DKD) were significantly higher than those in patients without diabetic kidney disease for the first time[28]. It is fully verified that serum Hp can be used as a potential biomarker for kidney injury and provides a basis for early diagnosis and timely intervention of the disease. In diabetic nephropathy, Hp can be used as a factor to assess the prognosis risk.
In addition to metabolic diseases, Hp is also associated with many other diseases, such as respiratory diseases, cardiovascular diseases, and autoimmune diseases. As an acute phase protein, Hp levels in serum increase rapidly after infection and inflammation occur[29]. In addition, when the body is in a stress state, Hp levels in the blood are also significantly increased, such as during inflammation, trauma, infection, and other pathological conditions[30]. The use of certain hormones, such as corticosteroids, increases its serum content significantly and is related to severity and prognosis[31]. Many studies have proven that Hp is an independent factor in the incidence of these diseases, but the conclusions still need to be verified by studies with larger sample sizes. Furthermore, there are few studies about the pathways of the Hp effect on diseases, and the specific mechanisms and pathways are still unclear and have limitations. In future research, we should focus on the specific mechanism of Hp. In addition, the degree of correlation between different genotypes and diseases should be refined because Hp is genetically polymorphic.

DISCUSSION
Diabetes and obesity are serious metabolic diseases that have become widespread global diseases and pose hidden dangers to human health. According to the results of an epidemiological survey, the cause of death of approximately four million people worldwide was directly related to body mass. The number of deaths due to complications related to high BMI accounted for 7.1% of all deaths. Approximately 2.7 million (41%) of these deaths were from cardiovascular and cerebrovascular diseases. Another major reason is diabetes[32]. Therefore, exploring the prevention and treatment of metabolic diseases has become a major issue. It has been more than half a century since Hp was first discovered. Research on Hp has gradually shifted from initially determining the molecular structure and genetic variation to exploring the physiological function and pathological significance of Hp. Currently, Hp is used as a biomarker, and its relationship with metabolic disease has become an important way to explore the etiology and pathogenesis of diseases. After the molecular heterogeneity of Hp was discovered, many clinical studies confirmed the significance of Hp gene polymorphisms in the field of pathology. The discovery of the immunological effects of Hp provides a theoretical basis for the different effects observed in recent years.

CONCLUSION
Hp can regulate the function of lymphocytes and macrophages and may control tissue damage in the inflammatory response. Further research on the role of Hp in the immune system will provide better ideas for exploring the relationship between Hp and diseases and will eventually provide new measures for clinical treatment.
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Figure Legends
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Figure 1 Analysis result from PSIPRED.
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Figure 2 Three-dimensional structure databases cross-referencing points to data collections other than UniProtKB (i.e. Protein Data Bank).
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[bookmark: _Hlk59206161]Figure 3 Prediction analysis of human serum haptoglobin-interacting proteins. APOE: Apolipoprotein E; HBA: Hemoglobin subunit alpha; HP: Haptoglobin; LRG1: Leucine-rich-alpha-2-glycoprotein 1; LTF: Lactotransferrin; ORM: Orosomucoid.
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