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Abstract 

Pronounced sex differences in the development and outcome of cardiovascular diseases (CVD) 

exist. Apolipoprotein A1 (APOA1), the basic structural protein of high-density lipoprotein (HDL), 

is involved in key metabolic processes. However, its role in the pathogenesis of CVD is 

incompletely understood. The effects of biological sex on factors influencing the APOA1-lipid 

balance and the underlying mechanisms are also poorly understood. Here, we summarize evidence 

supporting sex-biased and sex hormone-dependent regulation of APOA1. In particular, we discuss 

sex-biased APOA1 genetic variation, sex differences in APOA1 regulation and cardiovascular 

physiology, and sex hormone-dependent regulation of APOA1 in cis- and transgender individuals. 

We put forward that studying the effects of biological sex will contribute to a better understanding 

of the role of APOA1 in cardiovascular physiology and its sex-biased association with CVD. 

Importantly, in situations of sex hormone therapy or inhibition, more sex-stratified data are required 

to inform clinical management of APOA1-related cardiovascular risk in a sex-dependent manner. 
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Introduction 

Cardiovascular diseases (CVD) are one of the leading causes of death globally [1]. Notably, there 

are pronounced sex differences in the development and outcome of CVD, as well as the response to 

pharmacological therapies [2-9]. Genetic and epigenetic mechanisms, fibrotic, inflammatory and 

metabolic processes, as well as sex steroid hormones and their receptors are expected to account for 

sex-biased CVD development and outcome [8, 10-17]. In addition, socio-cultural differences in 

access to care, intensity of and compliance to treatment, as well as other similar elements also 

contribute to differences in outcomes between the sexes. However, for the purpose of this article we 

focus on the biological basis of sex differences in pathophysiology. 

 Obesity, insulin resistance and type 2 diabetes mellitus, atherosclerosis and hypertension are 

on the rise. Altered glucose and lipid metabolism contribute to the development of these disorders, 

which are associated with CVD-related morbidity and mortality. Alterations in the levels of sex 

hormones are markedly associated with lipid profile variations, abdominal fat accumulation, insulin 

resistance and blood pressure, thereby leading to metabolic and adipocyte physiology disturbances 

contributing to increased risk for CVD [18, 19]. 

 Apolipoprotein A1 (APOA1) is the basic structural protein of high-density lipoprotein 

(HDL) and is therefore involved in lipid metabolism [20-22], in glucose metabolism [23, 24] and in 

spermatozoa motility in men [25]. In addition, APOA1 single nucleotide polymorphisms (SNPs) can 

modulate various disorders, such as obesity, metabolic syndrome, atherosclerosis and cardiac 

dysfunction [26-30]. APOA1 levels may also be affected by a number of environmental factors, 

such as diet [31, 32], toxins [33, 34], as well as exercise [35, 36]. In addition, APOA1 is regulated 

differently by sex hormones, i.e. estrogen and testosterone (discussed below). 

 The activity of APOA1 in all these situations is incompletely understood, including its 

specific function in atherogenesis and protection from pathological cardio- and cerebrovascular 

events, or its dissociation processes from one lipoprotein particle to another. In addition, the effects 

of biological sex on factors that influence the APOA1 and lipid balance, along with the underlying 

mechanisms, are also poorly understood. A better understanding of the role of biological sex in 

APOA1 regulation and HDL subgroups may help to resolve present contradictions in CVD risk and 

development. We therefore summarize here current knowledge regarding sex-biased and sex 

hormone-dependent regulation of APOA1. 

Production of apolipoprotein A1 

APOA1 is produced in the liver (70%) and small intestine (30%) [37]. After its production, it forms 

homodimers and binds lipids (phospholipids, cholesterol, sphingolipids and ceramides) mediated by 
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the ATP-binding cassette A1 (ABCA1) [38]. APOA1 is a cofactor of Lecithin-Cholesterol-

Acyltransferase (LCAT) to esterify cholesterol [39]. The transporters ABCA1, ATP-binding 

cassette G1 (ABCG1) and the scavenger receptor type B1 (SR-B1) change composition, 

morphology and size of the new HDL-particles (HDL-P) [39]. HDL-P are a heterogeneous group of 

lipoprotein particles that differ in size, density, composition of proteins and lipids and show species-

, sex-, ethnic- and age-related differences [40, 41]. Instead of the previously frequently used 

differentiation into small, medium, large and very large HDL-P, the current differentiation is 

according to protein composition. In fact, 15 different HDL subgroups have been identified and are 

categorized according to protein composition. These subgroups show different concentrations of 

APOA1 and different relative cardiovascular risk, e.g. HDL-P with APOA1/APOA2 and APOC1, 

or APOA1/APOA2 and APOE are associated with a lower relative risk. In contrast, HDL-P 

containing APOA1/APOA2 and α2 macroglobulin, or complement C3, or haptoglobin, or 

plasminogen are associated with a higher relative risk of cardiovascular events [41]. Recently, there 

has been a change in paradigms from HDL quantity to quality and function [42]. APOA1 plays an 

important role in this, because it is known that HDL of high quality (larger particles with spheric 

morphology) contains more APOA1 than those of low quality (smaller HDL-P with unspecified 

morphology) [43]. 

 The regulation of APOA1 transcription and translation, as well as post-transcriptional 

modifications, is not yet fully understood. Environmental factors, such as diet, have a considerable 

effect on the concentration of APOA1, which is also subjected to epigenetic factors. Along this line, 

studies with experimental animals have shown that the gut microbiome of mice fed a high-fat diet 

can increase APOA1 production in the hepatocytes, mediated by the Toll-like receptor 5 (TLR5) 

[44]. Diet effects are also present in humans, whereby the replacement of carbohydrate or protein 

with fat promotes increases in HDL cholesterol and APOA1 levels [45-47]. Long non-coding RNA 

can also regulate the apolipoprotein gene cluster, which includes APOA1 [48]. However, the 

underlying mechanisms are poorly understood. Similarly, physical exercise has been demonstrated 

to increase APOA1 fractions in both men and women [49]. Consequently, in addition to sex, 

gender-mediated mechanisms, i.e. masculine and feminine psychosocial roles and health behaviors, 

may also contribute to the regulation of APOA1. 

Genetic variation 

SNPs in APOA1 play an important role in lipid metabolism, blood pressure, as well as the 

development and severity of CVD, and there are sex-biased effects of the SNPs on lipid balance 

[50-52]. A common gene variant of APOA1 (-75bpG>A) was assessed in homozygous and 

heterozygous carriers and it was discovered that different genotypes affect plasma lipid levels 



5 

 

differently between men and women. In men, the three possible alleles (AA, GG and AG) were 

associated with differences in triglycerides, while in women they were associated with differences 

in HDL-C plasma levels [53]. SNPs in the APOA1/C3/A4/A5-ZPR1-BUD13 gene cluster affect 

cholesterol balance. Certain SNPs (rs5072, rs5128 and rs651821) are associated with 

hypertriglyceridemia, and others (rs5104 and rs651821) with low HDL-cholesterolemia, with 

rs5072 leading to hypertriglyceridemia only in women [52]. These results show that APOA1 SNPs 

exert different mechanisms of action between men and women and suggest that APOA1 in its wild-

type form may also play at least partially different roles in male and female cholesterol 

management. 

Sex differences in apolipoprotein A1 regulation and cardiovascular physiology 

Significant sex-related differences in lipid composition, particularly in HDL-APOA1, were 

described in the Framingham Offspring study. Women have a two-fold higher concentration of 

large HDL-P and more APOA1 than men in plasma [54]. How this is mediated is unclear. However, 

a contributing mechanism could be sex hormones regulating the levels of APOA1 in an opposite 

fashion; estrogen increases while testosterone decreases APOA1 plasma levels [55]. 

 The influence of APOA1 on cardiovascular physiology may also be sex-dependent. 

Increasing arterial stiffness in men was significantly associated with higher plasma APOA1 levels, 

but there was no such association in women, even though women had higher APOA1 plasma levels 

than men [56]. This indicates that APOA1 may exert sex-dependent actions. Similarly, in the 

ATTICA study, APOA1 levels have been shown to be inversely associated with 10-year 

cardiovascular risk in women but not men, whereby each 10 mg/dL rise in APOA1 reduced the risk 

of developing CVD by 19% [57]. 

Interestingly, there are 3 of 15 subgroups of HDL-P recently described that differ between 

men and women. Women have significantly larger amounts of subtypes containing complement C3, 

ceruloplasmin and APOA4 [41]. Mechanistically, estrogen might be playing an important role in a 

potentially sex-biased regulation of APOA1 expression, as there are Estrogen Response Elements 

(ERE) in APOA1; one at position 20250772 (AGGTCACGCTGTCCC) and another at position 

20248958 (GGCTCACTGTGACCT) [58]. Interestingly, interactions between common 

polymorphisms in estrogen receptor α (ESR1) and APOA1 have been observed, resulting in sex-

biased responses to statin therapy [59]. 
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Estrogen-dependent regulation of apolipoprotein A1 

Exogenous estrogen may modulate APOA1 concentrations. Administration of the oral contraceptive 

pill, containing estrogen and progestin, promotes increased HDL-APOA1 production rate and pool 

size [60]. Similarly, oral estrogen has been shown to increase APOA1 in postmenopausal women 

receiving hormone therapy [61]. Interestingly, the menopausal status has not been shown to alter 

levels or kinetics of APOA1 in cis-gender women. This contradicts the abovementioned findings of 

an increase in APOA1 levels with the administration of exogenous estrogen. In fact, it would be 

expected that the decline in endogenous estrogen following menopause would have an impact on 

the levels of APOA1 and HDL-C. However, such analyses may be confounded by the influence of 

age and adiposity [62]. Certainly, further research is required to better understand the impact on 

APOA1 levels and the regulatory mechanisms involved. 

Influence of exogenous sex hormones on apolipoprotein A1 in transgender individuals 

The potential regulatory role of sex steroids on APOA1 is further supported by studies in 

transgender individuals (Figure). In particular, testosterone was shown to change the composition of 

plasma lipoprotein particles in male transgender adolescents [63]. Compared with cis-gender female 

individuals, male transgender adolescents have lower plasma levels of HDL and higher atherogenic 

low-density lipoprotein (LDL). In contrast, cis-gender and transgender men have similar APOA1 

blood profiles. Therefore, testosterone is considered a major contributor of plasma lipoprotein 

composition [63]. However, the sample size was relatively small and only young transgender men 

receiving testosterone were included, while transgender women receiving estrogen were not 

included in the study. It should be noted, though, that in androgen-deficient cis-gender women, the 

administration of transdermal testosterone, albeit at much lower concentrations, did not alter 

APOA1 levels [64]. 

 Lipid profiles have also been compared in young cis- and transgender men and women [40]. 

In children before puberty, there are no sex differences in lipid profiles. However, after puberty they 

change as follows: in young men very-LDL (VLDL), cholesterol, cholesterol ester, phospholipids 

and triglyceride increase significantly, while young women have more HDL, APOA1, 

polyunsaturated fatty acid (PUFA) and docosahexaenoic acid (DHA). In transgender individuals 

treated with puberty blockers (i.e. gonadotrophin-releasing hormone agonists) and sex hormones 

(i.e. estrogen in trans-women, testosterone in trans-men), trans-women have an increase in APOA1 

and DHA (profile similar to young cis-women), while trans-men have a decrease in HDL, APOA1, 

DHA and increase in APOB:APOA1 ratio (profile similar to cis-men). The overall finding of this 

study was that changes in APOA1 significantly differ between young trans-men and trans-women. 
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APOA1 in plasma correlates with duration and concentration of plasma estrogen in trans-women 

but not with testosterone in trans-men. Overall, these data support testosterone modulating a 

connected network of atherogenic lipids in men, while estrogen favors an atheroprotective lipid 

profile in women. The effects on APOA1 remained statistically significantly even after adjusting for 

ethnicity [40]. 

 Together, these data indicate that steroid hormones mediate sex differences in lipid profiles 

independent of sex chromosome dosage; however, this remains to be further investigated. Along 

this line, the Four Core Genotype (FCG) mouse model [65], which independently segregates the 

development of gonads from the sex chromosomes to generate four sex genotypes, i.e. XX and XY 

mice with ovaries and XX and XY mice with testes, was recently used to study the effects of 

gonadal sex and chromosomal sex on plasma lipid levels in a hypercholesterolemic state [66]. Mice 

with testes had higher cholesterol levels than those with ovaries, regardless of sex chromosome type 

[66]. In addition, free fatty acid levels in hypercholesterolemic mice were influenced by gonadal 

type, with higher levels in mice with testes than in mice with ovaries [66]. However, since the 

presence of two X chromosomes has been associated with increased adiposity and dyslipidemia in 

mouse models and in XXY men and the enhanced expression of genes that escape X chromosome 

inactivation has been suggested as a major contributor [67], more research is necessary to better 

understand the impact of sex chromosomes on lipid profiles. 

 Despite all this, further caution should be exercised, as the effects of gender-affirming 

hormone therapies on cardiovascular risk in transgender individuals are not fully understood [68]. 

This is mainly due to the frequent retrospective nature of the studies, subjective assessments, as 

well as incomplete datasets available for analysis [68]. In addition, the various forms of 

administration could lead to differences in cardiovascular risk profiles of transgender individuals. 

This includes the start of administration - before vs. after the onset of puberty, the mode of 

administration - oral vs. transdermal, the chemical nature of therapies - a single steroid hormone vs. 

a combination of steroid hormones [69, 70]. The changes in lipid profiles are evident. However, 

their effects on cardiovascular physiology remain unclear and require further investigation in 

standardized, prospective studies. In addition, long-term/lifelong analyses are necessary, since 

gender-affirming hormone therapies must be maintained for a lifetime. In current studies, however, 

the studied period is more or less limited, which does not allow conclusions to be made about the 

long-term/lifelong effects of exogenous hormone therapies on lipid metabolism and cardiovascular 

physiology. 
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Conclusions 

APOA1 is a key player in metabolic and adipocyte physiology. It is evident that there are 

pronounced sex differences in the regulation and actions of APOA1. However, the underlying 

mechanisms are poorly understood. In this context, it is necessary that relevant studies in the field 

include sex as a biological variant and report data stratified by sex. In addition, it will be required 

that studies with experimental animals investigate these phenomena, including the role of sex and 

sex hormones. In fact, the role and actions of sex steroids are of particular interest for CVD-related 

risk and mortality not only in cis-gender individuals, but also in transgender individuals, who 

appear to have an increased risk of CVD [71]. Nevertheless, the contributing factors and processes 

are largely unknown. Interestingly, as summarized in the present article, exogenous administration 

of estrogen as part of gender-affirming therapy in transgender female individuals leads to an 

increase in APOA1 levels, a profile that is similar to cis-women and considered protective. 

However, both endogenous and exogenous estrogen might exert detrimental actions in male 

cardiovascular tissues and cells [72, 73], which, in turn, may contribute to increased mortality as 

shown in cis-gender men with systolic chronic heart failure [74]. Together, these findings show 

complex interactions and effects on physiology that lead to important sex-biased and sex steroid 

hormone-dependent effects on pathophysiology. A better understanding is necessary to improve 

clinical-decision making in an effort to decrease CVD-related risk and mortality. In this context, 

APOA1 levels could inform sex-based strategies for CVD risk management. Collectively, these 

measures could bring us closer to a more appropriate and personalized medical care. 

  



9 

 

Declarations of interest 

None 

 

Acknowledgements 

GK acknowledges lab support provided by grants from the Icelandic Research Fund (217946-051), 

Icelandic Cancer Society Research Fund and University of Iceland Research Fund. PJC and CD 

receive funding from the British Heart Foundation (BHF Centre of Research Excellence, 

RE/18/6/34217). 

 

  



10 

 

References 

[1] G.C.o.D. Collaborators., Global, regional, and national age-sex-specific mortality for 282 causes 

of death in 195 countries and territories, 1980-2017: a systematic analysis for the Global Burden of 

Disease Study 2017, Lancet 392(10159) (2018) 1736-1788. 

[2] L. Gaignebet, G. Kararigas, En route to precision medicine through the integration of biological 

sex into pharmacogenomics, Clin Sci (Lond) 131(4) (2017) 329-342. 

[3] G. Kararigas, U. Seeland, M.L. Barcena de Arellano, E. Dworatzek, V. Regitz-Zagrosek, Why 

the study of the effects of biological sex is important. Commentary, Ann Ist Super Sanita 52(2) 

(2016) 149-50. 

[4] C. Cui, C. Huang, K. Liu, G. Xu, J. Yang, Y. Zhou, Y. Feng, G. Kararigas, B. Geng, Q. Cui, 

Large-scale in silico identification of drugs exerting sex-specific effects in the heart, J Transl Med 

16(1) (2018) 236. 

[5] M. Ruiz-Meana, K. Boengler, D. Garcia-Dorado, D.J. Hausenloy, T. Kaambre, G. Kararigas, C. 

Perrino, R. Schulz, K. Ytrehus, Ageing, sex, and cardioprotection, Br J Pharmacol 177(23) (2020) 

5270-5286. 

[6] S. Li, G. Kararigas, Role of Biological Sex in the Cardiovascular-Gut Microbiome Axis, 

Frontiers in Cardiovascular Medicine 8 (2022) 759735. 

[7] G. Siokatas, I. Papatheodorou, A. Daiou, A. Lazou, K.E. Hatzistergos, G. Kararigas, Sex-

Related Effects on Cardiac Development and Disease, J Cardiovasc Dev Dis 9(3) (2022). 

[8] V. Regitz-Zagrosek, G. Kararigas, Mechanistic Pathways of Sex Differences in Cardiovascular 

Disease, Physiol Rev 97(1) (2017) 1-37. 

[9] C. Horvath, G. Kararigas, Sex-dependent mechanisms of cell death modalities in cardiovascular 

disease, Can J Cardiol  (2022). 

[10] J. Pei, M. Harakalova, T.A. Treibel, R.T. Lumbers, B.J. Boukens, I.R. Efimov, J.T. van Dinter, 

A. Gonzalez, B. Lopez, H. El Azzouzi, N. van den Dungen, C.G.M. van Dijk, M.M. Krebber, H.M. 

den Ruijter, G. Pasterkamp, D.J. Duncker, E.E.S. Nieuwenhuis, R. de Weger, M.M. Huibers, A. 

Vink, J.H. Moore, J.C. Moon, M.C. Verhaar, G. Kararigas, M. Mokry, F.W. Asselbergs, C. Cheng, 

H3K27ac acetylome signatures reveal the epigenomic reorganization in remodeled non-failing 

human hearts, Clin Epigenetics 12(1) (2020) 106. 

[11] C. Ober, D.A. Loisel, Y. Gilad, Sex-specific genetic architecture of human disease, Nat Rev 

Genet 9(12) (2008) 911-22. 

[12] S. Beikoghli Kalkhoran, G. Kararigas, Oestrogenic Regulation of Mitochondrial Dynamics, Int 

J Mol Sci 23(3) (2022). 

[13] H. Sanchez-Ruderisch, A.M. Queiros, D. Fliegner, C. Eschen, G. Kararigas, V. Regitz-

Zagrosek, Sex-specific regulation of cardiac microRNAs targeting mitochondrial proteins in 

pressure overload, Biol Sex Differ 10(1) (2019) 8. 

[14] S. Hein, D. Hassel, G. Kararigas, The Zebrafish (Danio rerio) Is a Relevant Model for Studying 

Sex-Specific Effects of 17beta-Estradiol in the Adult Heart, Int J Mol Sci 20(24) (2019). 



11 

 

[15] L. Gaignebet, M.M. Kandula, D. Lehmann, C. Knosalla, D.P. Kreil, G. Kararigas, Sex-Specific 

Human Cardiomyocyte Gene Regulation in Left Ventricular Pressure Overload, Mayo Clin Proc 

95(4) (2020) 688-697. 

[16] G. Kararigas, Sex-biased mechanisms of cardiovascular complications in COVID-19, Physiol 

Rev 102(1) (2022) 333-337. 

[17] O. Ritter, G. Kararigas, Sex-Biased Vulnerability of the Heart to COVID-19, Mayo Clin Proc 

95(11) (2020) 2332-2335. 

[18] A.R. Sabbatini, G. Kararigas, Estrogen-related mechanisms in sex differences of hypertension 

and target organ damage, Biol Sex Differ 11(1) (2020) 31. 

[19] A.R. Sabbatini, G. Kararigas, Menopause-Related Estrogen Decrease and the Pathogenesis of 

HFpEF: JACC Review Topic of the Week, J Am Coll Cardiol 75(9) (2020) 1074-1082. 

[20] S. Ben-Aicha, L. Badimon, G. Vilahur, Advances in HDL: Much More than Lipid 

Transporters, Int J Mol Sci 21(3) (2020). 

[21] B. Franczyk, J. Rysz, J. Lawinski, M. Rysz-Gorzynska, A. Gluba-Brzozka, Is a High HDL-

Cholesterol Level Always Beneficial?, Biomedicines 9(9) (2021). 

[22] B.F. Asztalos, S. Demissie, L.A. Cupples, D. Collins, C.E. Cox, K.V. Horvath, H.E. 

Bloomfield, S.J. Robins, E.J. Schaefer, LpA-I, LpA-I:A-II HDL and CHD-risk: The Framingham 

Offspring Study and the Veterans Affairs HDL Intervention Trial, Atherosclerosis 188(1) (2006) 

59-67. 

[23] R. Han, R. Lai, Q. Ding, Z. Wang, X. Luo, Y. Zhang, G. Cui, J. He, W. Liu, Y. Chen, 

Apolipoprotein A-I stimulates AMP-activated protein kinase and improves glucose metabolism, 

Diabetologia 50(9) (2007) 1960-1968. 

[24] A.M. Fritzen, J. Domingo-Espin, A.M. Lundsgaard, M. Kleinert, I. Israelsen, C.S. Carl, T.S. 

Nicolaisen, R. Kjobsted, J.F. Jeppesen, J.F.P. Wojtaszewski, J.O. Lagerstedt, B. Kiens, ApoA-1 

improves glucose tolerance by increasing glucose uptake into heart and skeletal muscle 

independently of AMPKalpha2, Mol Metab 35 (2020) 100949. 

[25] X. Chi, D. Xiang, Y. Sha, S. Liang, C. Wang, Inhibition of human sperm function by an 

antibody against apolipoprotein A1: A protein located in human spermatozoa, Andrologia  (2022) 

e14365. 

[26] X. Wang, J. He, H. Guo, L. Mu, Y. Hu, J. Ma, Y. Yan, R. Ma, S. Li, Y. Ding, M. Zhang, Q. 

Niu, J. Liu, J. Zhang, S. Guo, Interactions of six SNPs in APOA1 gene and types of obesity on low 

HDL-C disease in Xinjiang pastoral area of China, Lipids Health Dis 16(1) (2017) 187. 

[27] L. Qiu, R.X. Yin, E. Khounphinith, F.H. Zhang, D.Z. Yang, S.L. Pan, Association of the 

APOA1 rs964184 SNP and serum lipid traits in the Chinese Maonan and Han populations, Lipids 

Health Dis 17(1) (2018) 105. 

[28] Y. Ding, M.A. Zhu, Z.X. Wang, J. Zhu, J.B. Feng, D.S. Li, Associations of polymorphisms in 

the apolipoprotein APOA1-C3-A5 gene cluster with acute coronary syndrome, J Biomed 

Biotechnol 2012 (2012) 509420. 



12 

 

[29] J. Delgado-Lista, F. Perez-Jimenez, J. Ruano, P. Perez-Martinez, F. Fuentes, J. Criado-Garcia, 

L.D. Parnell, A. Garcia-Rios, J.M. Ordovas, J. Lopez-Miranda, Effects of variations in the 

APOA1/C3/A4/A5 gene cluster on different parameters of postprandial lipid metabolism in healthy 

young men, J Lipid Res 51(1) (2010) 63-73. 

[30] Y. Wu, Y. Yu, T. Zhao, S. Wang, Y. Fu, Y. Qi, G. Yang, W. Yao, Y. Su, Y. Ma, J. Shi, J. 

Jiang, C. Kou, Interactions of Environmental Factors and APOA1-APOC3-APOA4-APOA5 Gene 

Cluster Gene Polymorphisms with Metabolic Syndrome, PloS one 11(1) (2016) e0147946. 

[31] O. Izaola, D. Primo, E. Gomez Hoyos, J.J. Lopez Gomez, A. Ortola, D. de Luis, Association of 

rs670 variant of APOA1 gene with lipid profile and insulin resistance after 9 months of a high 

protein/low carbohydrate vs a standard hypocaloric diet, Clin Nutr 39(4) (2020) 988-993. 

[32] M. Ghanavati, S. Alipour Parsa, J. Nasrollahzadeh, A calorie-restricted diet with nuts 

favourably raises plasma high-density lipoprotein-cholesterol in overweight and obese patients with 

stable coronary heart disease: A randomised controlled trial, Int J Clin Pract 75(9) (2021) e14431. 

[33] N.K. Sharma, B.L. Ferreira, A.K. Tashima, M.K.C. Brunialti, R.J.S. Torquato, A. Bafi, M. 

Assuncao, L.C.P. Azevedo, R. Salomao, Lipid metabolism impairment in patients with sepsis 

secondary to hospital acquired pneumonia, a proteomic analysis, Clin Proteomics 16 (2019) 29. 

[34] Z. Zhu, J. Ju, M. Zhang, H. Yang, W. Wei, Y. Zhang, Bisphenol A disturbs hepatic 

apolipoprotein A1 expression and cholesterol metabolism in rare minnow Gobiocypris rarus, Comp 

Biochem Physiol C Toxicol Pharmacol 252 (2022) 109239. 

[35] B. Mittendorfer, J.F. Horowitz, S. Klein, Effect of gender on lipid kinetics during endurance 

exercise of moderate intensity in untrained subjects, Am J Physiol Endocrinol Metab 283(1) (2002) 

E58-65. 

[36] M. Rosenkilde, L. Rygaard, P. Nordby, L.B. Nielsen, B. Stallknecht, Exercise and weight loss 

effects on cardiovascular risk factors in overweight men, J Appl Physiol (1985) 125(3) (2018) 901-

908. 

[37] B.A. Kingwell, M.J. Chapman, A. Kontush, N.E. Miller, HDL-targeted therapies: progress, 

failures and future, Nat Rev Drug Discov 13(6) (2014) 445-64. 

[38] J.D. Smith, W. Le Goff, M. Settle, G. Brubaker, C. Waelde, A. Horwitz, M.N. Oda, ABCA1 

mediates concurrent cholesterol and phospholipid efflux to apolipoprotein A-I, J Lipid Res 45(4) 

(2004) 635-44. 

[39] L. Camont, M.J. Chapman, A. Kontush, Biological activities of HDL subpopulations and their 

relevance to cardiovascular disease, Trends Mol Med 17(10) (2011) 594-603. 

[40] G.A. Robinson, J. Peng, H. Peckham, A. Radziszewska, G. Butler, I. Pineda-Torra, E.C. Jury, 

C. Ciurtin, Sex hormones drive changes in lipoprotein metabolism, iScience 24(11) (2021) 103257. 

[41] F.M. Sacks, L. Liang, J.D. Furtado, T. Cai, W.S. Davidson, Z. He, R.L. McClelland, E.B. 

Rimm, M.K. Jensen, Protein-Defined Subspecies of HDLs (High-Density Lipoproteins) and 

Differential Risk of Coronary Heart Disease in 4 Prospective Studies, Arteriosclerosis, thrombosis, 

and vascular biology 40(11) (2020) 2714-2727. 

[42] K.H. Cho, The Current Status of Research on High-Density Lipoproteins (HDL): A Paradigm 

Shift from HDL Quantity to HDL Quality and HDL Functionality, Int J Mol Sci 23(7) (2022). 



13 

 

[43] A. Kontush, HDL particle number and size as predictors of cardiovascular disease, Front 

Pharmacol 6 (2015) 218. 

[44] J.H.C. Yiu, K.S. Chan, J. Cheung, J. Li, Y. Liu, Y. Wang, W.W.L. Fung, J. Cai, S.W.M. 

Cheung, B. Dorweiler, E.Y.F. Wan, P. Tso, A. Xu, C.W. Woo, Gut Microbiota-Associated 

Activation of TLR5 Induces Apolipoprotein A1 Production in the Liver, Circ Res 127(10) (2020) 

1236-1252. 

[45] R.P. Mensink, P.L. Zock, A.D. Kester, M.B. Katan, Effects of dietary fatty acids and 

carbohydrates on the ratio of serum total to HDL cholesterol and on serum lipids and 

apolipoproteins: a meta-analysis of 60 controlled trials, Am J Clin Nutr 77(5) (2003) 1146-55. 

[46] L.J. Appel, F.M. Sacks, V.J. Carey, E. Obarzanek, J.F. Swain, E.R. Miller, 3rd, P.R. Conlin, 

T.P. Erlinger, B.A. Rosner, N.M. Laranjo, J. Charleston, P. McCarron, L.M. Bishop, G. OmniHeart 

Collaborative Research, Effects of protein, monounsaturated fat, and carbohydrate intake on blood 

pressure and serum lipids: results of the OmniHeart randomized trial, JAMA 294(19) (2005) 2455-

64. 

[47] F.M. Sacks, V.J. Carey, C.A. Anderson, E.R. Miller, 3rd, T. Copeland, J. Charleston, B.J. 

Harshfield, N. Laranjo, P. McCarron, J. Swain, K. White, K. Yee, L.J. Appel, Effects of high vs low 

glycemic index of dietary carbohydrate on cardiovascular disease risk factors and insulin 

sensitivity: the OmniCarb randomized clinical trial, JAMA 312(23) (2014) 2531-41. 

[48] P. Halley, B.M. Kadakkuzha, M.A. Faghihi, M. Magistri, Z. Zeier, O. Khorkova, C. Coito, J. 

Hsiao, M. Lawrence, C. Wahlestedt, Regulation of the apolipoprotein gene cluster by a long 

noncoding RNA, Cell Rep 6(1) (2014) 222-30. 

[49] A. Muscella, E. Stefano, S. Marsigliante, The effects of exercise training on lipid metabolism 

and coronary heart disease, Am J Physiol Heart Circ Physiol 319(1) (2020) H76-H88. 

[50] P. Basavaraju, R. Balasubramani, D.S. Kathiresan, I. Devaraj, K. Babu, V. Alagarsamy, V.M. 

Puthamohan, Genetic Regulatory Networks of Apolipoproteins and Associated Medical Risks, 

Front Cardiovasc Med 8 (2021) 788852. 

[51] A. Sadaf, S. Siddiqui, G.G. Lestringant, P.M. Frossard, Apolipoprotein AI promoter variant in 

blood pressure determination, Clin Genet 61(4) (2002) 314-6. 

[52] W. Bai, C. Kou, L. Zhang, Y. You, W. Yu, W. Hua, Y. Li, Y. Yu, T. Zhao, Y. Wu, Functional 

polymorphisms of the APOA1/C3/A4/A5-ZPR1-BUD13 gene cluster are associated with 

dyslipidemia in a sex-specific pattern, PeerJ 6 (2019) e6175. 

[53] R.X. Yin, Y.Y. Li, C.Q. Lai, Apolipoprotein A1/C3/A5 haplotypes and serum lipid levels, 

Lipids Health Dis 10 (2011) 140. 

[54] D.S. Freedman, J.D. Otvos, E.J. Jeyarajah, I. Shalaurova, L.A. Cupples, H. Parise, R.B. 

D'Agostino, P.W. Wilson, E.J. Schaefer, Sex and age differences in lipoprotein subclasses measured 

by nuclear magnetic resonance spectroscopy: the Framingham Study, Clin Chem 50(7) (2004) 

1189-200. 

[55] G.M. Hargrove, A. Junco, N.C. Wong, Hormonal regulation of apolipoprotein AI, Journal of 

molecular endocrinology 22(2) (1999) 103-11. 



14 

 

[56] X. Sun, R. Chen, G. Yan, Z. Chen, H. Yuan, W. Huang, Y. Lu, Gender-specific associations 

between apolipoprotein A1 and arterial stiffness in patients with nonalcoholic fatty liver disease, 

PeerJ 8 (2020) e9757. 

[57] M. Kouvari, D.B. Panagiotakos, C. Chrysohoou, E.N. Georgousopoulou, D. Tousoulis, A.C. 

Pitsavos, Sex-Related Differences of the Effect of Lipoproteins and Apolipoproteins on 10-Year 

Cardiovascular Disease Risk; Insights from the ATTICA Study (2002-2012), Molecules 25(7) 

(2020). 

[58] V. Bourdeau, J. Deschenes, R. Metivier, Y. Nagai, D. Nguyen, N. Bretschneider, F. Gannon, 

J.H. White, S. Mader, Genome-wide identification of high-affinity estrogen response elements in 

human and mouse, Mol Endocrinol 18(6) (2004) 1411-27. 

[59] K. Kajinami, M.E. Brousseau, S. Lamon-Fava, J.M. Ordovas, E.J. Schaefer, Gender-specific 

effects of estrogen receptor alpha gene haplotype on high-density lipoprotein cholesterol response 

to atorvastatin: interaction with apolipoprotein AI gene polymorphism, Atherosclerosis 178(2) 

(2005) 331-8. 

[60] L. Duvillard, G. Dautin, E. Florentin, A. Jeannin, J.P. Pais de Barros, L. Lagrost, J.M. Petit, P. 

Gambert, B. Verges, Increased apolipoprotein AI production rate and redistribution of high-density 

lipoprotein size induced by estrogen plus progestin as oral contraceptive, J Clin Endocrinol Metab 

94(12) (2009) 4891-7. 

[61] E.A. Brinton, Oral estrogen replacement therapy in postmenopausal women selectively raises 

levels and production rates of lipoprotein A-I and lowers hepatic lipase activity without lowering 

the fractional catabolic rate, Arterioscler Thromb Vasc Biol 16(3) (1996) 431-40. 

[62] N.R. Matthan, S.M. Jalbert, S. Lamon-Fava, G.G. Dolnikowski, F.K. Welty, H.R. Barrett, E.J. 

Schaefer, A.H. Lichtenstein, TRL, IDL, and LDL apolipoprotein B-100 and HDL apolipoprotein A-

I kinetics as a function of age and menopausal status, Arterioscler Thromb Vasc Biol 25(8) (2005) 

1691-6. 

[63] K. Millington, Y.M. Chan, Lipoprotein subtypes after testosterone therapy in transmasculine 

adolescents, J Clin Lipidol 15(6) (2021) 840-844. 

[64] K.K. Miller, B.M. Biller, A. Schaub, K. Pulaski-Liebert, G. Bradwin, N. Rifai, A. Klibanski, 

Effects of testosterone therapy on cardiovascular risk markers in androgen-deficient women with 

hypopituitarism, J Clin Endocrinol Metab 92(7) (2007) 2474-9. 

[65] G.J. De Vries, E.F. Rissman, R.B. Simerly, L.Y. Yang, E.M. Scordalakes, C.J. Auger, A. 

Swain, R. Lovell-Badge, P.S. Burgoyne, A.P. Arnold, A model system for study of sex 

chromosome effects on sexually dimorphic neural and behavioral traits, J Neurosci 22(20) (2002) 

9005-14. 

[66] C.B. Wiese, Z.W. Agle, P. Zhang, K. Reue, Chromosomal and gonadal sex drive sex 

differences in lipids and hepatic gene expression in response to hypercholesterolemia and statin 

treatment, Biol Sex Differ 13(1) (2022) 63. 

[67] T. Zore, M. Palafox, K. Reue, Sex differences in obesity, lipid metabolism, and inflammation-

A role for the sex chromosomes?, Mol Metab 15 (2018) 35-44. 

[68] P.J. Connelly, E. Marie Freel, C. Perry, J. Ewan, R.M. Touyz, G. Currie, C. Delles, Gender-

Affirming Hormone Therapy, Vascular Health and Cardiovascular Disease in Transgender Adults, 

Hypertension 74(6) (2019) 1266-1274. 



15 

 

[69] M.S. Irwig, Testosterone therapy for transgender men, Lancet Diabetes Endocrinol 5(4) (2017) 

301-311. 

[70] V. Tangpricha, M. den Heijer, Oestrogen and anti-androgen therapy for transgender women, 

Lancet Diabetes Endocrinol 5(4) (2017) 291-300. 

[71] H.M. den Ruijter, G. Kararigas, Estrogen and Cardiovascular Health, Front Cardiovasc Med 9 

(2022) 886592. 

[72] G. Kararigas, Oestrogenic contribution to sex-biased left ventricular remodelling: The male 

implication, Int J Cardiol 343 (2021) 83-84. 

[73] G. Kararigas, V. Bito, H. Tinel, E. Becher, I. Baczko, C. Knosalla, B. Albrecht-Kupper, K.R. 

Sipido, V. Regitz-Zagrosek, Transcriptome characterization of estrogen-treated human myocardium 

identifies Myosin regulatory light chain interacting protein as a sex-specific element influencing 

contractile function, J Am Coll Cardiol 59(4) (2012) 410-7. 

[74] E.A. Jankowska, P. Rozentryt, B. Ponikowska, O. Hartmann, D. Kustrzycka-Kratochwil, K. 

Reczuch, J. Nowak, L. Borodulin-Nadzieja, L. Polonski, W. Banasiak, P.A. Poole-Wilson, S.D. 

Anker, P. Ponikowski, Circulating estradiol and mortality in men with systolic chronic heart failure, 

Jama 301(18) (2009) 1892-901. 

 

 

  



16 

 

Figure legends 

Figure. Schematic representation of sex differences in APOA1 and lipid profiles in youth, as well 

as the effects of sex steroid hormones in transgender individuals. APOA1, apolipoprotein A1; 

APOB, apolipoprotein B; CE, cholesterol ester; DHA, docosahexaenoic acid; HDL, high-density 

lipoprotein; LDL, low-density lipoprotein; PL, phospholipids; PUFA, polyunsaturated fatty acid; 

TG, triglyceride; VLDL, very-LDL 

 



Author, Year 
APOA1 Sex Dependent 

Mechanisms 
Major Findings 

Sun X, et al, 2020 

[56] APOA1 levels and cardiovascular 

risk 

Higher plasma APOA1 levels are associated with 

increased arterial stiffness in males but not females, 

despite the latter demonstrating overall higher 

concentrations. 

Kouvari M, et al, 

2020 [57] 

APOA1 levels are inversely associated with 10-year 

cardiovascular risk in females but not males. 

Yin RX, et al, 

2011 [53] 

Sex-biased effects of SNPs 

Common gene variants of APOA1 (-75bpG>A) 

promote differences in triglycerides in males and 

HDL-C in females 

Bai W, et al, 2019 

[52] 

Functional polymorphisms in APOA1/C3/A4/A5-

ZPR1-BUD13 gene cluster are associated with sex-

based dyslipidaemia.  APOA1 rs5072 promotes 

hypertriglyceridemia in females only. 

Duvillard L, et al, 

2009 [60] 

Exogenous sex hormones and 

APOA1  

Oral contraceptive pill (estrogen and progestin) 

increases HDL-APOA1 production rate and pool size 

Brinton EA, et al, 

1996 [61] 

Oral estrogen increases APOA1 in postmenopausal 

women 

Robinson GA, et 

al, 2021 [40] 

Trans-women treated with puberty blockers and 

estrogen  have an increase in APOA1 (profile similar 

to young cis-women).  

 

Trans-men treated with puberty blockers and 

testosterone have a decrease in APOA1 and an 

increase in APOB:APOA1 ratio (profile similar to 

cis-men) 

 

Table 1. Mechanisms of APOA1 Sex Differences 



male
transgender

LDL, APOB:APOA1-ratio

HDL, APOA1, DHA

no sex 
differences in 
lipid profiles

cis-female
increased

HDL, 
APOA1, 

PUFA, DHA

cis-male
increased

VLDL, 
cholesterol, 
CE, PL, TG

puberty

female
transgender APOA1, DHA

estrogen

testosterone
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