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Abstract 

ApoM is a novel apolipoprotein found mainly in HDL. Its function is yet to be defined. ApoM (25 

kDa) has a typical lipocalin ß-barrel fold and a hydrophobic pocket. Retinoids bind apoM but with low 

affinity and may not be the natural ligands. ApoM retains its signal peptide, which serves as a 

hydrophobic anchor to the lipoproteins. This prevents apoM from being lost in the urine. 

Approximately 5% of HDL carries an apoM molecule. ApoM in plasma (1 uM) correlates strongly 

with both LDL and HDL cholesterol, suggesting a link to cholesterol metabolism. However, in case-

control studies, apoM in patients with coronary heart disease (CHD) and controls were similar, 

suggesting apoM levels not to affect the risk for CHD in humans. Experiments in transgenic mice 

suggested apoM to have antiatherogenic properties, possible mechanisms include increased formation 

of pre-ß HDL, enhanced cholesterol mobilization from foam cells, and increased antioxidant properties. 
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ApoM, a novel lipoprotein-associated protein 

Apolipoprotein M (apoM) is a recent addition to the long list of lipoprotein-associated proteins. It is 

mainly found in high-density lipoproteins (HDL) but is also present in apoB-containing lipoproteins, 

i.e. chylomicrons, very low-, and low-density lipoproteins (VLDL and LDL) [1,2]. The plasma 

concentration of apoM is close to 1 μM and ~5 % of HDL and ~2 % of LDL from human plasma are 

estimated to contain a single apoM molecule per particle. ApoM is expressed in the liver and in the 

kidney, apoM in plasma presumably being mainly derived from the liver [1]. Human apoM contains 

188 amino acid residues, the sequence of which demonstrates no obvious similarity to other proteins. 

However, secondary structure prediction combined with three-dimensional database searches suggested 

apoM to be a lipocalin. The lipocalins form a large superfamily of proteins sharing a conserved folding 

and many of them bind small lipophilic substances [3,4]. To date there is no experimentally determined 

structure of apoM, but computational analysis and homology modelling have predicted apoM to have a 

typical lipocalin fold (Fig. 1) with a hydrophobic binding pocket and a highly conserved tryptophan in 

its bottom [5]. This tryptophan has intrinsic fluorescence, which is quenched when a lipophilic ligand 

binds in the pocket. ApoM is capable of binding retinol and its two metabolites all-trans retinoic acid 

and 9-cis retinoic acid [6]. However, the physiological importance of this binding is not known and it is 

uncertain to what extent apoM may be involved in retinoid metabolism in vivo. Retinol binding protein 

binds retinoids with higher affinity than apoM and in addition has a higher plasma concentration (~ 3 

umol/l [7]) than apoM [6]. Thus, apoM is not a major transport protein of plasma retinol. 

 

The retained signal peptide of apoM serves as a phospholid anchor 

ApoM is very unusual in retaining its signal peptide, the reason being that the sequence 

lacks a signal peptidase cleavage site. This interesting feature is only shared with paraoxonase-1 (PON-

I) and haptoglobin-related protein (HRP) both being HDL-associated proteins [8,9]. The signal peptide 

mediates import of the newly synthesized polypeptide chain into the endoplasmatic reticulum during 

translation. Normally, it is cleaved off by a type 1 signal peptidase before secretion of the mature 

protein [10]. ApoM’s retained signal peptide is experimentally proven to mediate the binding of apoM 

to plasma lipoproteins [11,12]. In recombinant apoM, replacement of glutamin at position 22 with 

alanin (apoMQ22A) created a signal peptidase cleavage site and the apoMQ22A was secreted from 

transfected cells without its signal peptide (Fig. 2A) [11,12]. The apoMQ22A, unlike wild-type apoM, 
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did not associate with the lipoproteins in the cell medium (Fig. 2B) [11].  Transgenic mice expressing 

either human wild-type apoM or apoMQ22A in the liver were created to determine the physiological 

importance of the retained signal peptide. In mice expressing the wild-type protein, human apoM was 

exclusively associated with plasma HDL. In contrast, the human mutant apoMQ22A did not associate 

with lipoproteins and was rapidly lost from plasma by glomerular filtration in the kidney [12].  Thus, it 

can be concluded that the preserved signal peptide is essential to preserve apoM in the circulation (Fig. 

3).   

 

Binding of apoM to megalin in proximal tubuli 

Megalin is a receptor binding many lipocalins including retinol-binding protein. It is 

synthesized in the proximal tubular epithelium in the kidney. The high level of apoM expression in the 

kidney taken together with its lipocalin structure inspired us to test whether apoM is a ligand for 

megalin. Direct binding of apoM to immobilized megalin was demonstrated and furthermore, rat yolk 

sac cells expressing megalin bound and internalized apoM in a megalin-dependent fashion [13]. ApoM 

is not found in the urine of normal mice or in human urine even though it is expressed in kidney tubular 

epithelial cells [1,14]. However, in mice lacking megalin in their kidneys, apoM is secreted in the urine 

[13]. This suggests the possibility that kidney-derived apoM is secreted into the pre-urine in the 

proximal tubules and, under normal conditions, subsequently taken up in a megalin-dependent fashion. 

It is tempting to speculate that the lipocalin structure of apoM enables it to bind a small lipophilic 

ligand in the pre-urine thus preventing loss of the ligand in the urine.   

 

APOM is located in a highly conserved inflammatory region of MHC class III 

In the human genome, the apoM gene (APOM) is located on chromosome 6 on position 

p21.3 in the major histocompatibility complex (MHC) III. This is a highly conserved chromosomal 

region rich in genes involved in innate immunity and inflammation, e.g. TNF and lymphotoxins A and 

B. This inflammatory gene cluster has been well preserved during 450 million years of evolution 

predating the divergence of mammals from fish [15]. In this context, it is interesting that inflammation 

and infections depress APOM expression and lower apoM protein secretion in cell cultures as well as in 

mice and humans [16]. It is unknown to what extent apoM may be involved with inflammatory 

responses to infection or other pro-inflammatory stimuli. 
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APOM expression is controlled by several transcription factors that affect hepatic lipid 

metabolism, i.e. hepatic nuclear factor (HNF)-1α, liver receptor homolog (LRH)-1, and Foxa2 [17-19]. 

HNF-1α binds to the APOM promoter and mice with complete HNF-1α deficiency have no or little 

APOM expression in addition to defective bile acid transport and increased bile acid and liver 

cholesterol synthesis [18,20,21]. LRH-1 is a nuclear hormone receptor that regulates genes involved 

with bile acid synthesis [22,23], reverse cholesterol transport [24-26], and the hepatic acute-phase 

responses [17]. LRH-1 response elements are present in the APOM promoter regions in both human 

and mouse, and LRH-1 stimulates apoM gene transcription in cultured liver cells [27]. FXR ligands 

such as bile acids and the synthetic LXR agonist TO901317 decrease APOM expression in vitro and 

APOM expression was decreased in bile acid-fed mice [27,28]. In part, this was caused by recruitment 

of SHP (small heterodimer partner) to the APOM promoter [27]. The notion that SHP regulates APOM 

expression was further supported by studies demonstrating that SHP-deficient mice have increased 

APOM expression [29]. Foxa2 is a transcription factor that affects development of pancreas and liver 

and regulates glucose homeostasis in the liver and pancreatic β-cells [30,31]. A binding site for Foxa2 

was identified in the APOM promoter at position -474 and it was demonstrated that haploinsufficient 

Foxa2-/+ mice had decreased expression of APOM [19].  

 

Circulating apoM-containing lipoproteins 

Isolated apoM-containing HDL particles from human plasma are heterogeneous in size, 

charge, and density [2]. Whether apoM is present in pre-β HDL is a matter of debate. One study 

suggested that a large fraction of plasma apoM reside in small pre-β HDL particles [32], whereas other 

studies report the opposite [2,33].  The lipid composition of apoM-containing human HDL was found 

to be similar to that of total HDL [2]. Human apoM-containing HDL-particles contain many other 

apolipoproteins, including apoA-I, apoA-II, apoE, and apoC’s. They were not enriched in or devoid of 

PON-1 or HRP, but were found to be enriched in apoJ [2] 

In normal mouse plasma, apoM is predominantly found in the α-migrating HDL fraction 

[33]. In plasma from LDL-receptor- and apoE-deficient mice, apoM is also found in LDL and VLDL-

sized lipoproteins  [20]. From this, it can be concluded that the retained signal peptide can anchor 

apoM in different lipoprotein classes. The presence of apoM in intestinally derived chylomicrons and 

the lack of apoM expression in the intestine indicate that apoM can be transferred from HDL or LDL 
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particles to triglyceride-rich lipoproteins. This idea is supported by studies of healthy humans showing 

accumulation of apoM in the d<1.006 g/ml plasma fraction after ingestion of a fat-rich meal [1]. PON-

1, which (like apoM) is anchored in lipoproteins via its signal peptide, demonstrates similar 

accumulation in chylomicrons after a fat-rich meal [34]. Thus, similar to amphipathic helix-containing 

apolipoproteins such as apoCI, apoCIII and apoE, signal peptide anchored lipoproteins can be 

transferred from HDL to chylomicrons, but the mechanisms involved need further exploration.  

    

ApoM, cholesterol and the development of atherosclerosis 

In humans, the plasma concentration of apoM correlates strongly with total cholesterol 

(r=0.52). It was particularly noteworthy that the correlation to LDL cholesterol (r=0.43) is equally high 

as that to HDL cholesterol (r=0.36) despite apoM being mainly associated with HDL [35,36]. This 

supports the notion that apoM is linked to plasma cholesterol metabolism. Animal experiments have 

suggested that apoM may have antiatherogenic properties. Thus, overexpression of both the human and 

mouse apoM genes in LDL-receptor knockout mice results in increased plasma apoM concentrations 

and protects against development of early atherosclerotic lesions. Possible mechanisms include 

involvement of apoM in the formation of pre-ß HDL [32,33], enhanced cholesterol mobilization from 

macrophage-derived foam cells, and antioxidant properties of apoM-containing HDL [2,33]. Despite a 

possible atheroprotective effect of apoM in mice, two independent case-control studies found almost 

identical plasma apoM concentration in patients with coronary heart disease (CHD) and controls, and 

thus were unable to identify apoM plasma concentrations as a risk factor for CHD in humans [36].  

HNF-1α deficiency in mice is associated with virtually abolished apoM expression [18,20] 

making it interesting to measure apoM in patients with MODY3, a disease caused by 

haploinsufficiency of HNF-1α [37,38]. MODY (maturity onset diabetes in the young) encompasses 

monogenic forms of diabetes characterized by autosomal dominant inheritance, onset before 25 years 

of age, and pancreatic β-cell dysfunction. In an early study, MODY3 patients were suggested to have 

decreased plasma apoM levels [18]. More recently, apoM levels were assessed in 48 MODY3 patients, 

55 patients with type 2 diabetes, and 55 controls using a plasma dot-blot technique. In this study, there 

was no difference in the plasma apoM levels between the three groups [39]. We have measured apoM 

levels in 71 Finish MODY3 patients using our quantitative apoM ELISA and found apoM to be only 
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~5 % lower in MODY3 patients than in 75 non-carriers (Axler et al to be published). Thus, according 

to those studies unfortunately apoM cannot be generally used as biomarker for MODY3.  

 

Future perspective  

It is likely that the near future will bring insights into the three-dimensional structure of 

the lipocalin part of apoM. We have hypothesized that the hydrophobic binding pocket of apoM binds 

one or more lipophilic substances and the future will hopefully bring insights into the nature of such 

substances. This might prove very helpful for the elucidation of the function of apoM. Hopefully the 

physiological function of apoM will be elucidated in a not too distant future. The availability of 

genetically modified mice, both apoM knockout mice and apoM transgenic mice, will be instrumental 

for this research. Another interesting question relates to the expression of apoM from eukaryotic cells. 

With its signal peptide being retained, apoM needs to be transferred from the phospholipid layer of the 

cell to the phospholipids of the lipoprotein. Future studies will clarify the mechanism for this. Other 

research areas where the future presumably will bring new exciting findings are questions related to the 

interaction of apoM with other soluble or cell-bound proteins and the identification of structure-

function relationships. 

 



 9

Figure legends 

Figure 1. Structural model of human apoM. Retinol binding protein and MUP1 (major urinary 

protein, a protein used to mark territories among rodents), i.e. two lipocalins with known three-

dimensional structures, were used to create the homology model of apoM. The model highlights the 

typical lipocalin fold with eight β-strands forming the β-barrel and the α-helix. The model is shown 

with a circular molecule (white) in the proposed ligand bind pocket. Reproduced from Duan et al with 

permission [5]. 

 

Figure 2. The retained signal peptide anchors apoM in lipoproteins. Stable cell lines expressing 

either full length apoM or the apoMQ22A mutant were established. A, the signal peptide is cleaved off 

the apoMQ22A variant as demonstrated by the enhanced migration on the western blotting. P, plasma 

apoM; WT, wild type apoM; Ø, mock-transfected cells. B, the full-length WT apoM (open squares) 

elutes like apoM from plasma (closed circles) on gelfiltration chromatography suggesting that WT 

apoM associates with HDL particles in the culture medium. In contrast, apoMQ22A (open triangles) is 

recovered in later fractions demonstrating that the apoM variant without the signal peptide is not 

associated with lipoproteins. Reproduced from Axler et al with permission [11]. 

 

Figure 3. Metabolism of the full-length apoM and the apoMQ22A variant in vivo in mice. Full-length 

apoM is synthesized in the liver and associates with lipoproteins (mainly HDL) in the circulation. In 

contrast, the apoMQ22A variant is not associated with the lipoproteins. Due to its small size, it is filtered 

in the glomerular membrane and lost in the kidney. Model based on data from Christoffersen et al. [12].  



 10

References 

 
[1] Xu, N. and Dahlback, B. (1999). A novel human apolipoprotein (apoM). J. Biol. Chem. 274, 

31286-90. 
[2] Christoffersen, C., Nielsen, L.B., Axler, O., Andersson, A., Johnsen, A.H. and Dahlback, B. 

(2006). Isolation and characterization of human apolipoprotein M-containing lipoproteins. J. 
Lipid Res. 47, 1833-43. 

[3] Flower, D.R. (1996). The lipocalin protein family: structure and function. Biochem. J. 318 ( Pt 
1), 1-14. 

[4] Schlehuber, S. and Skerra, A. (2005). Lipocalins in drug discovery: from natural ligand-binding 
proteins to "anticalins". Drug. Discov. Today. 10, 23-33. 

[5] Duan, J., Dahlback, B. and Villoutreix, B.O. (2001). Proposed lipocalin fold for apolipoprotein 
M based on bioinformatics and site-directed mutagenesis. FEBS Lett. 499, 127-32. 

[6] Ahnstrom, J., Faber, K., Axler, O. and Dahlback, B. (2007). Hydrophobic ligand binding 
properties of the human lipocalin apolipoprotein M. J. Lipid Res. 48, 1754-62. 

[7] Choi, S.H., Kwak, S.H., Youn, B.S., Lim, S., Park, Y.J., Lee, H., Lee, N., Cho, Y.M., Lee, 
H.K., Kim, Y.B., Park, K.S. and Jang, H.C. (2008). High Plasma Retinol Binding Protein-4 and 
Low Plasma Adiponectin Concentrations Are Associated with Severity of Glucose Intolerance 
in Women with Previous Gestational Diabetes Mellitus. J. Clin. Endocrinol. Metab.  

[8] Raper, J., Fung, R., Ghiso, J., Nussenzweig, V. and Tomlinson, S. (1999). Characterization of a 
novel trypanosome lytic factor from human serum. Infect. Immun. 67, 1910-6. 

[9] Smith, A.B., Esko, J.D. and Hajduk, S.L. (1995). Killing of trypanosomes by the human 
haptoglobin-related protein. Science 268, 284-6. 

[10] Dalbey, R.E., Lively, M.O., Bron, S. and van Dijl, J.M. (1997). The chemistry and enzymology 
of the type I signal peptidases. Protein Sci. 6, 1129-38. 

[11] Axler, O., Ahnstrom, J. and Dahlback, B. (2008). Apolipoprotein M associates to lipoproteins 
through its retained signal peptide. FEBS Lett. 582, 826-8. 

[12] Christoffersen, C., Ahnstrom, J., Axler, O., Christensen, E.I., Dahlback, B. and Nielsen, L.B. 
(2008). The signal peptide anchors apolipoprotein M in plasma lipoproteins and prevents rapid 
clearance of apolipoprotein M from plasma. J. Biol. Chem. 283, 18765-72. 

[13] Faber, K., Hvidberg, V., Moestrup, S.K., Dahlback, B. and Nielsen, L.B. (2006). Megalin is a 
receptor for apolipoprotein M, and kidney-specific megalin-deficiency confers urinary excretion 
of apolipoprotein M. Mol. Endocrinol. 20, 212-8. 

[14] Zhang, X.Y., Dong, X., Zheng, L., Luo, G.H., Liu, Y.H., Ekstrom, U., Nilsson-Ehle, P., Ye, Q. 
and Xu, N. (2003). Specific tissue expression and cellular localization of human apolipoprotein 
M as determined by in situ hybridization. Acta Histochem. 105, 67-72. 

[15] Deakin, J.E., Papenfuss, A.T., Belov, K., Cross, J.G., Coggill, P., Palmer, S., Sims, S., Speed, 
T.P., Beck, S. and Graves, J.A. (2006). Evolution and comparative analysis of the MHC Class 
III inflammatory region. BMC Genomics 7, 281. 

[16] Feingold, K.R., Shigenaga, J.K., Chui, L.G., Moser, A., Khovidhunkit, W. and Grunfeld, C. 
(2008). Infection and inflammation decrease apolipoprotein M expression. Atherosclerosis 199, 
19-26.  

[17] Venteclef, N., Smith, J.C., Goodwin, B. and Delerive, P. (2006). Liver receptor homolog 1 is a 
negative regulator of the hepatic acute-phase response. Mol. Cell. Biol. 26, 6799-807. 



 11

[18] Richter, S., Shih, D.Q., Pearson, E.R., Wolfrum, C., Fajans, S.S., Hattersley, A.T. and Stoffel, 
M. (2003). Regulation of apolipoprotein M gene expression by MODY3 gene hepatocyte 
nuclear factor-1alpha: haploinsufficiency is associated with reduced serum apolipoprotein M 
levels. Diabetes 52, 2989-95. 

[19] Wolfrum, C., Howell, J., Ndungo, E. and Stoffel, M. (2008). Foxa2 activity increases plasma 
HDL levels by regulating apolipoprotein M. J. Biol. Chem. 283, 16940-9    

[20] Faber, K., Axler, O., Dahlback, B. and Nielsen, L.B. (2004). Characterization of apoM in 
normal and genetically modified mice. J. Lipid Res. 45, 1272-8. 

[21] Shih, D.Q., Bussen, M., Sehayek, E., Ananthanarayanan, M., Shneider, B.L., Suchy, F.J., 
Shefer, S., Bollileni, J.S., Gonzalez, F.J., Breslow, J.L. and Stoffel, M. (2001). Hepatocyte 
nuclear factor-1alpha is an essential regulator of bile acid and plasma cholesterol metabolism. 
Nat. Genet. 27, 375-82. 

[22] Nitta, M., Ku, S., Brown, C., Okamoto, A.Y. and Shan, B. (1999). CPF: an orphan nuclear 
receptor that regulates liver-specific expression of the human cholesterol 7alpha-hydroxylase 
gene. Proc. Natl. Acad. Sci. U S A. 96, 6660-5. 

[23] del Castillo-Olivares, A. and Gil, G. (2000). Alpha 1-fetoprotein transcription factor is required 
for the expression of sterol 12alpha -hydroxylase, the specific enzyme for cholic acid synthesis. 
Potential role in the bile acid-mediated regulation of gene transcription. J. Biol. Chem. 275, 
17793-9. 

[24] Delerive, P., Galardi, C.M., Bisi, J.E., Nicodeme, E. and Goodwin, B. (2004). Identification of 
liver receptor homolog-1 as a novel regulator of apolipoprotein AI gene transcription. Mol. 
Endocrinol. 18, 2378-87. 

[25] Luo, Y., Liang, C.P. and Tall, A.R. (2001). The orphan nuclear receptor LRH-1 potentiates the 
sterol-mediated induction of the human CETP gene by liver X receptor. J. Biol. Chem. 276, 
24767-73. 

[26] Schoonjans, K., Annicotte, J.S., Huby, T., Botrugno, O.A., Fayard, E., Ueda, Y., Chapman, J. 
and Auwerx, J. (2002). Liver receptor homolog 1 controls the expression of the scavenger 
receptor class B type I. EMBO Rep. 3, 1181-7. 

[27] Venteclef, N., Haroniti, A., Tousaint, J.J., Talianidis, I. and Delerive, P. (2008). Regulation of 
Anti-atherogenic Apolipoprotein M Gene Expression by the Orphan Nuclear Receptor LRH-1. 
J. Biol. Chem. 283, 3694-701. 

[28] Calayir, E., Becker, T.M., Kratzer, A., Ebner, B., Panzenböck, U., Stefujl, J. and Kostner, G.M. 
(2008). LXR-Agonists Regulate ApoM Expression Differentially in Liver and Intestine. Curr. 
Pharm. Biotech. 9, 516-521. 

[29] Huang, J., Iqbal, J., Saha, P.K., Liu, J., Chan, L., Hussain, M.M., Moore, D.D. and Wang, L. 
(2007). Molecular characterization of the role of orphan receptor small heterodimer partner in 
development of fatty liver. Hepatology 46, 147-57. 

[30] Sund, N.J., Vatamaniuk, M.Z., Casey, M., Ang, S.L., Magnuson, M.A., Stoffers, D.A., 
Matschinsky, F.M. and Kaestner, K.H. (2001). Tissue-specific deletion of Foxa2 in pancreatic 
beta cells results in hyperinsulinemic hypoglycemia. Genes Dev. 15, 1706-15. 

[31] Lee, C.S., Friedman, J.R., Fulmer, J.T. and Kaestner, K.H. (2005). The initiation of liver 
development is dependent on Foxa transcription factors. Nature 435, 944-7. 

[32] Wolfrum, C., Poy, M.N. and Stoffel, M. (2005). Apolipoprotein M is required for prebeta-HDL 
formation and cholesterol efflux to HDL and protects against atherosclerosis. Nat. Med. 11, 
418-22. 



 12

[33] Christoffersen, C., Jauhiainen, M., Moser, M., Porse, B., Ehnholm, C., Boesl, M., Dahlback, B. 
and Nielsen, L.B. (2008). Effect of apolipoprotein M on high density lipoprotein metabolism 
and atherosclerosis in low density lipoprotein receptor knock-out mice. J. Biol. Chem. 283, 
1839-47. 

[34] Sorenson, R.C., Bisgaier, C.L., Aviram, M., Hsu, C., Billecke, S. and La Du, B.N. (1999). 
Human serum Paraoxonase/Arylesterase's retained hydrophobic N-terminal leader sequence 
associates with HDLs by binding phospholipids : apolipoprotein A-I stabilizes activity. 
Arterioscler. Thromb. Vasc. Biol. 19, 2214-25. 

[35] Axler, O., Ahnstrom, J. and Dahlback, B. (2007). An ELISA for apolipoprotein M reveals a 
strong correlation to total cholesterol in human plasma. J. Lipid Res. 48, 1772-80. 

[36] Ahnstrom, J., Axler, O., Jauhiainen, M., Salomaa, V., Havulinna, A.S., Ehnholm, C., Frikke-
Schmidt, R., Tybjaerg-Hansen, A. and Dahlback, B. (2008). Levels of apolipoprotein M are not 
associated with the risk of coronary heart disease in two independent case-control studies. J. 
Lipid Res. 49, 1912-7. 

[37] Pontoglio, M. (2000). Hepatocyte nuclear factor 1, a transcription factor at the crossroads of 
glucose homeostasis. J. Am. Soc. Nephrol. 11 Suppl 16, S140-3. 

[38] Giuffrida, F.M. and Reis, A.F. (2005). Genetic and clinical characteristics of maturity-onset 
diabetes of the young. Diabetes Obes. Metab. 7, 318-26. 

[39] Skupien, J., Kepka, G., Gorczynska-Kosiorz, S., Gebska, A., Klupa, T., Wanic, K., Nowak, N., 
Borowiec, M., Sieradzki, J. and Malecki, M.T. (2007). Evaluation of Apolipoprotein M Serum 
Concentration as a Biomarker of HNF-1alpha MODY. Rev. Diabet. Stud. 4, 231-5. 

 
  
 
 



 13

Figure 1 
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