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Abstract 

Human immunodeficiency virus (HIV) infection significantly impacts iron metabolism, a critical 

aspect of cellular function and systemic health. Ceruloplasmin, a copper-containing ferroxidase 

enzyme, plays a pivotal role in maintaining iron homeostasis by oxidizing ferrous iron (Fe^2+) to 

ferric iron (Fe^3+), facilitating its transport by transferrin. The dysregulation of iron metabolism 

in HIV is mediated by chronic inflammation, increased hepcidin levels, and altered cytokine 

profiles, leading to iron sequestration and anemia. This review explores the intricate interactions 

between ceruloplasmin and iron metabolism in the context of HIV, highlighting their implications 

for disease progression and therapeutic interventions. In HIV-infected individuals, chronic 

inflammation elevates pro-inflammatory cytokines like IL-6 and TNF-α, which in turn increase 

hepcidin production. Elevated hepcidin levels inhibit intestinal iron absorption and promote iron 

retention in macrophages, disrupting normal iron metabolism. As an acute-phase reactant, 

ceruloplasmin is upregulated during inflammation, further complicating iron mobilization and 

storage. The resulting imbalance contributes to anemia, a common complication in HIV that 

exacerbates disease morbidity. Additionally, the oxidative stress associated with HIV and 

ceruloplasmin dysfunction can damage erythrocytes, reducing their lifespan and impairing 

erythropoiesis. Antiretroviral therapy (ART) has revolutionized HIV treatment, significantly 

improving patient outcomes. However, ART can also affect iron metabolism and ceruloplasmin 

levels, often inducing oxidative stress and modifying inflammatory responses. Understanding 

these effects is crucial for optimizing ART regimens and managing HIV-related metabolic 

disturbances. Potential therapeutic strategies include anti-inflammatory treatments, antioxidant 
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supplementation, and hepcidin modulation to restore normal iron metabolism and ceruloplasmin 

function.  

Keywords: Ceruloplasmin, Iron metabolism, HIV, Inflammation, Oxidative stress, Anemia, 

Antiretroviral therapy (ART) 

Introduction 

Human immunodeficiency virus (HIV) continues to pose a significant global health challenge, 

with millions of people affected worldwide.1 The virus targets the immune system, specifically 

CD4+ T cells, leading to immunodeficiency and increased susceptibility to opportunistic infections 

and certain cancers.2 Beyond its direct effects on the immune system, HIV infection induces a 

range of metabolic disturbances, including significant alterations in iron metabolism. These 

disturbances can contribute to various complications, including anemia and increased oxidative 

stress, both of which negatively impact the quality of life and overall health of HIV-infected 

individuals.3-5 Iron is an essential nutrient involved in various cellular processes, including oxygen 

transport, DNA synthesis, and electron transport.6 The body tightly regulates iron metabolism to 

maintain a balance between iron uptake, storage, and utilization, thereby preventing both iron 

deficiency and iron overload. Key players in this regulatory network include proteins such as 

transferrin, ferritin, and ceruloplasmin. Ceruloplasmin, a copper-containing glycoprotein with 

ferroxidase activity, is particularly crucial for iron homeostasis. It facilitates the conversion of 

ferrous iron (Fe^2+) to ferric iron (Fe^3+), enabling its binding to transferrin for transport in the 

bloodstream.7-9 In the context of HIV infection, the regulation of iron metabolism becomes 

disrupted due to chronic inflammation and immune activation. HIV-infected individuals often 

exhibit elevated levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor 

necrosis factor-alpha (TNF-α). These cytokines stimulate the production of hepcidin, a hormone 

that regulates iron homeostasis by inhibiting intestinal iron absorption and promoting iron 

sequestration in macrophages. Elevated hepcidin levels result in decreased iron availability for 

erythropoiesis, the process of red blood cell production, contributing to the development of anemia 

in HIV-infected individuals.10-12 

Ceruloplasmin, as an acute-phase reactant, is upregulated in response to inflammation. Its 

increased production during chronic HIV infection further complicates iron metabolism. While 

ceruloplasmin’s primary role is to facilitate iron transport by oxidizing Fe^2+ to Fe^3+, its 

dysfunction in the inflammatory milieu of HIV can impair iron mobilization and storage. This 

dysfunction can exacerbate iron-related complications, such as anemia, by reducing the 

bioavailability of iron needed for effective erythropoiesis. Additionally, the antioxidant properties 

of ceruloplasmin, which help mitigate oxidative stress by scavenging free radicals, may be 

compromised in HIV, leading to increased oxidative damage.13-16 Oxidative stress is a significant 

concern in HIV infection, as it contributes to cellular and tissue damage, inflammation, and 

progression of the disease.17 Ceruloplasmin plays a crucial role in protecting cells from oxidative 

stress by neutralizing free radicals. However, the chronic inflammation and immune activation 

seen in HIV can overwhelm these protective mechanisms, resulting in elevated oxidative stress 
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levels. This increased oxidative stress can damage erythrocytes, shorten their lifespan, and impair 

erythropoiesis, further contributing to anemia and other complications in HIV-infected individuals. 

Antiretroviral therapy (ART) has revolutionized the management of HIV, transforming it from a 

fatal disease to a manageable chronic condition.18 ART significantly improves the prognosis of 

HIV-infected individuals by suppressing viral replication and restoring immune function. 

However, ART can also influence iron metabolism and ceruloplasmin levels. Certain antiretroviral 

drugs have been associated with oxidative stress and alterations in inflammatory responses, which 

can impact ceruloplasmin activity and iron homeostasis. Understanding these effects is essential 

for optimizing ART regimens and managing the metabolic disturbances associated with HIV 

infection. 

The interplay between ceruloplasmin, iron metabolism, and HIV infection highlights the need for 

comprehensive management strategies that address these metabolic challenges. Potential 

therapeutic approaches include anti-inflammatory treatments to reduce chronic inflammation and 

cytokine dysregulation, antioxidant supplementation to mitigate oxidative stress, and hepcidin 

modulation to enhance iron availability and ameliorate anemia. These strategies aim to restore 

normal iron metabolism, preserve ceruloplasmin function, and improve overall health outcomes 

for HIV-infected individuals. In addition to therapeutic interventions, ongoing research is crucial 

for further elucidating the mechanisms underlying the interactions between ceruloplasmin, iron 

metabolism, and HIV.19 Understanding these mechanisms can inform the development of novel 

therapies and diagnostic tools that target specific aspects of iron dysregulation and oxidative stress 

in HIV. For instance, investigating the role of genetic variations in ceruloplasmin and other iron-

regulatory proteins may provide insights into individual susceptibility to iron-related 

complications and guide personalized treatment approaches. Furthermore, the impact of HIV-

related metabolic disturbances extends beyond anemia and oxidative stress.20 Dysregulated iron 

metabolism can affect various organ systems, including the cardiovascular system, liver, and brain, 

potentially contributing to comorbidities such as cardiovascular disease, liver dysfunction, and 

neurocognitive impairments. Therefore, a holistic approach to managing HIV should consider the 

broader implications of iron dysregulation and oxidative stress, aiming to prevent and mitigate 

these comorbidities. 

Ceruloplasmin 

Ceruloplasmin is a crucial copper-containing glycoprotein primarily synthesized in the liver and 

secreted into the bloodstream.21 It plays a multifaceted role in iron metabolism and exhibits 

significant antioxidant properties, contributing to its importance in maintaining systemic 

homeostasis. Understanding the structure and function of ceruloplasmin provides insight into its 

role in various physiological processes and its implications in disease states, including HIV 

infection. Ceruloplasmin is a large protein composed of 1,046 amino acids, with a molecular 

weight of approximately 132 kDa.22 It belongs to the family of multicopper oxidases, containing 

six copper atoms per molecule, which are integral to its enzymatic activity. The protein is 

organized into three homologous domains, each contributing to the overall stability and function 

of the molecule. The copper atoms are distributed across these domains, playing critical roles in 
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electron transfer and redox reactions. The primary structure of ceruloplasmin includes multiple 

glycosylation sites, where carbohydrate chains are attached. These glycosylation modifications are 

essential for the protein's stability, solubility, and half-life in the plasma. The secondary and 

tertiary structures of ceruloplasmin are characterized by a series of alpha-helices and beta-sheets 

that fold into a compact, globular form, facilitating its interactions with other molecules and its 

enzymatic functions. 

The primary function of ceruloplasmin is its ferroxidase activity, which involves the oxidation of 

ferrous iron (Fe^2+) to ferric iron (Fe^3+).23 This enzymatic process is crucial for iron 

homeostasis, as Fe^3+ is the form of iron that can be bound and transported by transferrin, the 

main iron transport protein in the blood. By facilitating the conversion of Fe^2+ to Fe^3+, 

ceruloplasmin ensures that iron is efficiently mobilized from storage sites, such as the liver and 

macrophages, into the circulation for delivery to tissues where it is needed. Ceruloplasmin also 

exhibits significant antioxidant properties, protecting cells from oxidative stress. It acts as a 

scavenger of reactive oxygen species (ROS), including superoxide radicals, thus preventing 

oxidative damage to cellular components. This antioxidant function is particularly important in 

inflammatory conditions, where elevated ROS levels can cause extensive tissue damage. By 

mitigating oxidative stress, ceruloplasmin helps maintain cellular integrity and function. Although 

less well understood, ceruloplasmin is also involved in copper metabolism. It carries a substantial 

portion of the body's total copper content in the blood, facilitating the transport of this essential 

trace element to various tissues. Copper is a critical cofactor for numerous enzymes involved in 

processes such as energy production, connective tissue formation, and neurotransmitter synthesis. 

By binding and transporting copper, ceruloplasmin contributes to the proper distribution and 

utilization of this vital nutrient. Ceruloplasmin is classified as an acute-phase reactant, meaning its 

levels increase in response to inflammation or infection. During acute-phase reactions, 

ceruloplasmin synthesis is upregulated by inflammatory cytokines, such as interleukin-6 (IL-6). 

This increase in ceruloplasmin production is part of the body's broader response to inflammation, 

aimed at limiting damage and promoting healing. However, in chronic inflammatory conditions, 

such as HIV infection, persistently elevated ceruloplasmin levels can contribute to iron 

dysregulation and other metabolic disturbances. Alterations in ceruloplasmin levels and function 

have been implicated in various disease states. For instance, reduced ceruloplasmin activity is 

observed in Wilson's disease, a genetic disorder characterized by copper accumulation and 

toxicity. Conversely, elevated ceruloplasmin levels are associated with chronic inflammatory 

conditions, cardiovascular diseases, and neurodegenerative disorders. In the context of HIV, 

ceruloplasmin dysregulation contributes to iron metabolism disturbances, exacerbating 

complications such as anemia and oxidative stress.24-26 

Iron Metabolism in HIV 

Iron metabolism in the human body is a tightly regulated process essential for various 

physiological functions, including oxygen transport, DNA synthesis, and cellular respiration.27 

The disruption of iron homeostasis is a common occurrence in individuals infected with HIV, 

leading to significant clinical complications such as anemia and increased susceptibility to 

https://epjournals.com/journals/EJHIV


Elite Journal of HIV. Volume 2 Issue 6(2024), Pp.  1-12 

 https://epjournals.com/journals/EJHIV 

 

 

Citation: Obeagu EI, Chukwu PH. Ceruloplasmin and Iron Metabolism in HIV: A Review. Elite 

Journal of HIV, 2024; 2(6): 1-12 

5 

 

infections. This section explores the mechanisms underlying iron metabolism dysregulation in 

HIV, the role of chronic inflammation, and the impact of antiretroviral therapy (ART) on iron 

homeostasis. HIV infection induces a state of chronic inflammation and immune activation, 

characterized by elevated levels of pro-inflammatory cytokines such as interleukin-6 (IL-6) and 

tumor necrosis factor-alpha (TNF-α).28 These cytokines play a pivotal role in the dysregulation of 

iron metabolism. IL-6, in particular, stimulates the production of hepcidin, a key regulator of iron 

homeostasis. Hepcidin is a peptide hormone produced by the liver that inhibits iron absorption 

from the intestine and promotes iron sequestration within macrophages and hepatocytes by 

degrading ferroportin, the only known cellular iron exporter. The elevation of hepcidin levels in 

response to chronic inflammation in HIV leads to decreased iron absorption from the diet and 

increased iron retention in storage sites, such as the liver and spleen. This results in reduced iron 

availability for erythropoiesis, the process of red blood cell production, contributing to the 

development of anemia. Anemia of chronic disease, also known as anemia of inflammation, is 

commonly observed in HIV-infected individuals and is characterized by low serum iron levels 

despite adequate or increased body iron stores.29-31 The dysregulation of iron transport and storage 

in HIV is further complicated by alterations in the expression and function of key iron regulatory 

proteins. For instance, elevated levels of ferritin, an iron storage protein, are often observed in 

HIV-infected individuals as a response to increased hepcidin and inflammation. High ferritin levels 

indicate increased iron storage within cells, reducing the amount of iron available in the 

bloodstream. Additionally, transferrin saturation, which reflects the proportion of transferrin 

bound to iron, is often reduced in HIV, further indicating disrupted iron transport.32-35 

Ceruloplasmin, an acute-phase protein with ferroxidase activity, is upregulated in response to the 

chronic inflammation associated with HIV infection.37 While ceruloplasmin's primary function is 

to oxidize ferrous iron (Fe^2+) to ferric iron (Fe^3+) for binding to transferrin, its increased levels 

during inflammation can complicate iron metabolism. The dysregulated function of ceruloplasmin 

in HIV can impair iron mobilization from storage sites, exacerbating iron sequestration and 

contributing to anemia. Additionally, ceruloplasmin's antioxidant properties may be overwhelmed 

by the oxidative stress prevalent in HIV, further impacting iron homeostasis. Antiretroviral therapy 

(ART) has significantly improved the prognosis of HIV-infected individuals by suppressing viral 

replication and restoring immune function.37 However, ART can also influence iron metabolism. 

Certain antiretroviral drugs, particularly those in the protease inhibitor class, have been associated 

with oxidative stress and mitochondrial toxicity. These effects can exacerbate the dysregulation of 

iron metabolism by increasing oxidative damage and altering the expression of iron regulatory 

proteins. ART can modulate the inflammatory response in HIV-infected individuals.38 Effective 

viral suppression by ART reduces systemic inflammation and cytokine levels, potentially lowering 

hepcidin production and improving iron homeostasis. However, the extent of this improvement 

varies among individuals and depends on factors such as the duration of ART, adherence to 

treatment, and the presence of co-infections or other comorbidities. 

The nutritional status of HIV-infected individuals plays a critical role in iron metabolism. 

Malnutrition, common in advanced HIV infection, can exacerbate iron deficiency. ART programs 

often include nutritional support and iron supplementation to address these deficiencies.39 
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However, iron supplementation in the context of HIV must be carefully managed, as excessive 

iron can promote oxidative stress and pathogen growth, including opportunistic infections. Anemia 

is a prevalent complication in HIV-infected individuals, with multifactorial etiology including iron 

deficiency, chronic inflammation, and bone marrow suppression. The impact of anemia on HIV 

progression and patient outcomes is significant, as it can exacerbate fatigue, reduce physical 

performance, and impair immune function.40 Effective management of anemia in HIV requires a 

comprehensive approach that addresses the underlying causes, including iron metabolism 

dysregulation, nutritional deficiencies, and the inflammatory milieu. 

Role of Ceruloplasmin in HIV-Associated Iron Dysregulation 

Ceruloplasmin, a copper-containing glycoprotein with ferroxidase activity, plays a vital role in 

iron metabolism and antioxidant defense. In the context of HIV infection, the regulation and 

function of ceruloplasmin are significantly altered due to chronic inflammation and immune 

activation, leading to iron dysregulation.41 This section delves into the mechanisms by which 

ceruloplasmin contributes to HIV-associated iron dysregulation and its clinical implications. HIV 

infection is characterized by persistent immune activation and chronic inflammation, leading to 

elevated levels of pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis 

factor-alpha (TNF-α).42 IL-6, in particular, induces the hepatic synthesis of acute-phase reactants, 

including ceruloplasmin. As a result, ceruloplasmin levels are significantly increased in HIV-

infected individuals as part of the body's response to ongoing inflammation. Ceruloplasmin’s 

primary function is to facilitate the oxidation of ferrous iron (Fe^2+) to ferric iron (Fe^3+), a form 

suitable for binding to transferrin, the main iron transport protein in the blood. This conversion is 

essential for the proper mobilization of iron from storage sites in the liver and macrophages into 

the circulation. In HIV-infected individuals, the increased ceruloplasmin levels might initially 

seem beneficial for maintaining iron transport. However, the inflammatory milieu and subsequent 

hepcidin upregulation can impair ferroportin function, the iron exporter on cell surfaces. This 

impairment hampers the release of iron from cells, leading to iron sequestration and reduced 

availability for erythropoiesis. 

Hepcidin, a key regulator of iron homeostasis, is also upregulated in response to chronic 

inflammation in HIV.43 Elevated hepcidin levels lead to the internalization and degradation of 

ferroportin, reducing iron efflux from macrophages and enterocytes. Although ceruloplasmin is 

capable of oxidizing iron for transport, the concurrent high levels of hepcidin in HIV infection 

limit the release of iron into the bloodstream. This situation results in iron being trapped within 

cells, contributing to anemia of chronic disease commonly seen in HIV patients. Ceruloplasmin 

has potent antioxidant properties, capable of scavenging reactive oxygen species (ROS) and 

protecting tissues from oxidative damage. HIV infection exacerbates oxidative stress due to 

increased ROS production and impaired antioxidant defenses.44 Elevated ceruloplasmin levels, 

therefore, represent a protective response to counteract oxidative stress. However, the persistent 

oxidative environment in HIV can overwhelm ceruloplasmin's antioxidant capacity, leading to 

cellular damage, particularly in erythrocytes. This damage can shorten the lifespan of red blood 

cells and impair erythropoiesis, further contributing to anemia. Beyond its role in iron metabolism 
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and antioxidant defense, ceruloplasmin also influences immune function. It modulates the activity 

of immune cells, including macrophages and T cells, which are crucial in the body's response to 

HIV infection. Alterations in ceruloplasmin levels and function can impact the overall immune 

response, potentially affecting the progression of HIV disease and the body's ability to control 

opportunistic infections. The advent of antiretroviral therapy (ART) has dramatically improved 

the prognosis for HIV-infected individuals by suppressing viral replication and restoring immune 

function. However, ART can influence ceruloplasmin levels and iron metabolism. Certain 

antiretroviral drugs, particularly protease inhibitors, have been associated with increased oxidative 

stress and changes in inflammatory responses. These effects can modify ceruloplasmin activity 

and further complicate iron homeostasis. Monitoring ceruloplasmin levels and iron parameters in 

patients on ART is essential for managing potential metabolic complications. 

Therapeutic Implications and Future Directions 

The dysregulation of iron metabolism in HIV-infected individuals, driven by chronic inflammation 

and altered ceruloplasmin function, presents significant clinical challenges.6 Addressing these 

challenges requires a comprehensive approach that includes targeted therapies to correct iron 

imbalances, reduce inflammation, and manage oxidative stress. This section discusses the 

therapeutic implications and potential future directions for improving iron homeostasis and overall 

health outcomes in HIV-infected individuals. Chronic inflammation is a central factor in HIV-

associated iron dysregulation.46 Pro-inflammatory cytokines such as IL-6 and TNF-α drive 

hepcidin production, leading to iron sequestration and anemia. Anti-inflammatory therapies, 

including cytokine inhibitors and nonsteroidal anti-inflammatory drugs (NSAIDs), may help 

mitigate this effect. For instance, tocilizumab, an IL-6 receptor antagonist, has shown promise in 

reducing hepcidin levels and improving anemia in inflammatory diseases. Applying such therapies 

in HIV could potentially enhance iron mobilization and alleviate anemia. Oxidative stress is 

exacerbated in HIV infection, impacting both ceruloplasmin function and iron metabolism.47 

Antioxidant supplementation, including vitamins C and E, selenium, and N-acetylcysteine (NAC), 

can help reduce oxidative damage and improve overall antioxidant defenses. These antioxidants 

can support ceruloplasmin's role in mitigating oxidative stress, protecting erythrocytes from 

damage, and enhancing erythropoiesis. Clinical trials are needed to evaluate the efficacy and safety 

of these supplements specifically in the context of HIV. 

Elevated hepcidin levels are a key contributor to iron sequestration in HIV. Modulating hepcidin 

activity could restore normal iron homeostasis. Hepcidin antagonists or inhibitors, such as 

monoclonal antibodies targeting hepcidin or its receptor ferroportin, represent promising 

therapeutic approaches. Research into small molecule inhibitors and other biologics that can 

downregulate hepcidin production or block its action is ongoing. These therapies hold the potential 

to increase iron availability for erythropoiesis and reduce anemia. While ART has transformed 

HIV management, its impact on iron metabolism and ceruloplasmin function requires careful 

consideration.48 Certain antiretroviral drugs, particularly protease inhibitors, can induce oxidative 

stress and affect inflammatory responses. Personalized ART regimens that minimize these adverse 

effects while maintaining viral suppression are essential. This may involve selecting antiretroviral 
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agents with favorable profiles regarding oxidative stress and inflammation or adjusting dosages to 

balance efficacy and side effects. Nutritional status plays a crucial role in managing iron 

metabolism in HIV-infected individuals. Comprehensive nutritional support, including balanced 

diets rich in iron and other essential nutrients, is fundamental. In cases of iron deficiency, careful 

iron supplementation is necessary. However, supplementation must be managed to avoid 

exacerbating oxidative stress or promoting pathogen growth. Intravenous iron formulations or oral 

iron supplements with controlled release mechanisms can be considered to optimize iron 

bioavailability and minimize side effects. 

Given ceruloplasmin’s pivotal role in iron oxidation and antioxidant defense, therapies aimed at 

enhancing its function could be beneficial. Approaches to increase ceruloplasmin activity or 

stabilize its structure might improve iron mobilization and reduce oxidative stress. Gene therapy 

or protein engineering techniques could be explored to enhance ceruloplasmin expression or 

function in HIV-infected individuals. Additionally, monitoring ceruloplasmin levels could serve 

as a biomarker for assessing inflammation and iron status, guiding therapeutic interventions. An 

integrative approach combining multiple therapeutic strategies may offer the best outcomes for 

managing iron dysregulation in HIV.49 This could involve a combination of anti-inflammatory 

agents, antioxidants, hepcidin modulators, and optimized ART regimens, tailored to the individual 

needs of each patient. Multidisciplinary care teams, including infectious disease specialists, 

hematologists, and nutritionists, are essential for implementing such comprehensive management 

plans. Elucidating the detailed mechanisms by which ceruloplasmin and hepcidin interact in the 

context of HIV-associated inflammation and iron dysregulation. Developing and testing new 

therapeutic agents, including hepcidin inhibitors, anti-inflammatory drugs, and antioxidants, in 

clinical trials involving HIV-infected individuals. Identifying reliable biomarkers for monitoring 

iron status, inflammation, and oxidative stress in HIV, which can guide personalized treatment 

approaches. Conducting long-term studies to assess the impact of therapeutic interventions on iron 

metabolism, anemia, and overall health outcomes in HIV-infected populations. 

Conclusion 

The dysregulation of iron metabolism in HIV-infected individuals is a multifaceted issue 

intricately linked to chronic inflammation, oxidative stress, and altered ceruloplasmin function. 

Ceruloplasmin plays a critical role in iron homeostasis through its ferroxidase activity and 

antioxidant properties, yet its function is significantly impacted by the persistent inflammatory 

environment characteristic of HIV infection. Elevated hepcidin levels, driven by inflammation, 

lead to iron sequestration and reduced availability for erythropoiesis, resulting in anemia and 

related complications. Therapeutic strategies aimed at addressing these challenges must adopt a 

holistic approach, integrating anti-inflammatory therapies, antioxidant supplementation, and 

hepcidin modulation to restore balanced iron metabolism. Personalized antiretroviral therapy 

(ART) regimens, nutritional support, and careful iron supplementation are also crucial components 

of effective management. The potential of ceruloplasmin as a therapeutic target offers an additional 

avenue for intervention, with the possibility of enhancing its function to improve iron mobilization 

and reduce oxidative stress. 
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