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Hypoalbuminemia, defined as serum albumin levels below 35 g/L, is common in patients with conditions such as nephrotic syndrome, cirrhosis, or sepsis. This review examines the impact of hypoalbuminemia on the pharmacokinetics of selected drugs—such as antibiotics, immunosuppressants, antifungals, or anticonvulsants—emphasizing its role in drug efficacy and safety. Albumin is the main drug transporter and key binding protein, which influences the free drug concentration and drug activity. The review includes all studies available in the scientific literature found in the PubMed, Scopus, and Cochrane databases. The paper emphasizes the importance of therapeutic drug monitoring (TDM) in patients with hypoalbuminemia to avoid subtherapeutic or toxic drug levels. Many drugs need for dose adjustments to achieve therapeutic levels, especially in critically ill patients. The results of studies emphasize the need for individualized dosing regimens based on TDM to optimize drug therapy in patients with hypoalbuminemia. Our review is the first article to summarize the influence of hypoalbuminemia on the pharmacokinetic parameters of drugs and may be a useful tool for clinicians in their daily work.
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HIGHLIGHTS

• Plasma concentration - amount of a drug present in the plasma, the liquid component of blood, at a given time.
• Serum concentration - concentration of a drug in the serum, the fluid portion of blood after clotting factors have been removed.
• Free (drug name) concentration - concentration of the drug in the plasma or serum that is not bound to proteins and is pharmacologically active.
• Total (drug name) - combined amount of both bound and unbound drug in the plasma or serum.
• Total (drug name) concentration - total amount of the drug, including both its protein-bound and unbound forms, in the plasma or serum.
• Unbound (drug name) - portion of the drug that is not attached to plasma proteins and is available to exert a therapeutic effect.
• Unbound (drug name) concentration - concentration of the drug in the plasma or serum that is free from protein binding, reflecting its active form
• Bound (drug name) - fraction of the drug that is attached to plasma proteins, which typically cannot exert an immediate pharmacological effect.
• Bound (drug name) concentration - concentration of the drug in the plasma or serum that is bound to plasma proteins and cannot exert an immediate pharmacological effect.
1 INTRODUCTION
Hypoalbuminemia is a frequent medical problem that can be caused either by increased protein loss, in such conditions as nephrotic syndrome and protein-losing enteropathy, or reduced protein synthesis in patients suffering from malnutrition and cirrhosis (Ballmer, 2001) It is defined by serum albumin less than 35 g/L. Hypoalbuminemia was found to be one of the indicators of ongoing sepsis and is associated with increased mortality and longer hospital stays regardless of the primary disease (Franch-Arcas, 2001). Although serum albumin level is a nonspecific marker it is a strong predictor of sooner and more frequent readmissions in acute illnesses (Herrmann et al., 1992). In the field of oncology albumin level correlates with negative prognosis and worsened quality of life (McSorley et al., 2017). Hypoalbuminemic state is also present in certain physiological conditions–as pregnancy–associated with increasing permeability or in childhood (Loh and Metz, 2015; Challis et al., 2009).
Human serum albumin is widely known as a main factor maintaining serum oncotic pressure and proper fluid distribution in compartments of an organism, additionally it is involved in maintaining acid–base balance in the plasma. It is also the major carrier for fatty acids, hormones such as thyroxin, cortisol or testosterone and for acidic and neutral drugs working as a delivery system (Fanali et al., 2012). Albumin is synthesized in liver, firstly as a pre-proalbumin converted to proalbumin and then, by Golgi apparatus to its final form–albumin. Its synthesis can be inhibited by inflammatory agents as interleukins or tumor necrosis factor. In physiological conditions kidneys and gastrointestinal tract can cause loss of up to 10% of albumin (Levitt and Levitt, 2016; Cabrerizo et al., 2015). Failure of treatment in such patients can be connected with failure in achieving correct drug concentrations due to insufficient protein binding and drug distribution (Roberts et al., 2013). The French Society of Pharmacology and Therapeutics and the French Society of Anesthesia and Intensive Care Medicine recommends incorporating therapeutic drug monitoring (TDM) such as antibiotics to avoid subtherapeutic drug concentrations due to too low dose values in critically ill patients–very often presenting hypoalbuminemia (Guilhaumou et al., 2019). Changes in protein binding are only relevant for highly-protein bound drugs what is defined as 90%–99.9% protein binding. Another factor influencing pharmacokinetics is non-linear pattern of protein-binding which makes time-concentration profile less predictable (Wright et al., 1996; Deitchman et al., 2018). The aim of TDM is also to avoid toxic drug concentrations that increase the risk of side effects, however only drugs having high extraction ratios (ER) are considered to be susceptible to alterations of plasma protein binding (Smith et al., 2012). Figure 1 presents possible alterations in drugs’ pharmacokinetics caused by hypoalbuminemia, showing that fewer albumin molecules in plasma can lead to higher proportion of the unbound drug, but it is also necessary to take under consideration possibly increased drug metabolism and elimination leading to decreased drug concentration. Albumin can be used as a drug itself in conditions such as hemorrhagic shock, severe burn, cirrhosis with refractory ascites or nephrotic syndrome, however hypoalbuminemia is rather a syndrome than primary process of the disease so it can be used only as symptomatic treatment (Liumbruno et al., 2009). The aim of this review is to assess the effect of hypoalbuminemia on the pharmacokinetics of selected drug classes in patients with low serum albumin concentration.
[image: Figure 1]FIGURE 1 | Comparison of unbound drug concentration in patients with normoalbuminemia and hypoalbuminemia conditions: (A) decreased concentration of unbound drug in hypoalbuminemia, (B) normal concentration of unbound drug in normoalbuminemia, (C) increased concentration of unbound drug in hypoalbuminemia.
2 MATERIALS AND METHODS
The search strategy included controlled vocabulary and keywords. Four authors independently searched the PubMed, Scopus and Cochrane databases. The main search was done by combining “hypoalbuminemia”, “nephrotic syndrome”, “cirrhosis”, “sepsis”, “epilepsy”, “rheumatoid arthritis”, “infection”, “hyperlipidemia”, “asthma”, “Alzheimer”s disease”, “cancer”and “albumin” with related terms such as “protein binding”, “distribution”, “drug concentration” and “drug monitoring”. The inclusion criterion was the data included in the studies related to the selected groups of drugs. All original studies available in the scientific literature were included in the review. Because of the small number of studies in recent years and difficulties in obtaining essential data the time criterion was not applied. Figure 2 shows the division of drugs according to the results of all studies available in the scientific literature.
[image: Figure 2]FIGURE 2 | Division of drugs according to the research results available in the scientific literature.
3 RESULTS
3.1 Antibiotics
3.1.1 Time-dependent killing antibiotics (T > MIC)
Antibiotics with time-dependent killing, which means that their efficacy depends on the duration of the concentration above T > MIC (minimal inhibitory concentration), include β-lactams (Szałek et al., 2009).
3.1.1.1 Penicillin G
Penicillin G is a narrow-spectrum antibiotic, used mainly to treat infections caused by Gram-positive bacteria. Due to its low absorption from the gastrointestinal tract (15%–30%), this antibiotic is used intravenously or intramuscularly. It binds to serum proteins in about 45%–68% (Heffernan et al., 2022; Bukkems et al., 2018). Öbrink-Hansen et al. conducted a study on 46 patients undergoing treatment for infective endocarditis (IE), the purpose of which was to determine whether the applied dose of 3 g every 6 h is sufficient to achieve therapeutic levels of penicillin G in patients with, IE and to assess the likely variables that affect inter- and intra-patient variability (Öbrink-Hansen et al., 2017). The mean value of albumin in patients was 26 (Curran et al., 2003; Butterfield et al., 2011) g/dL. 71% of patients achieved 100% fT > MIC, a significant proportion in whom this value was not achieved had additional enterococcal infection. Two samples were collected: after 3 h (sample A, where the assessment goal was 50% fT > MIC) and after 6 h (sample B, where the assessment goal was 100% fT > MIC). Multivariate regression analysis showed that the concentration of penicillin G in sample A at the beginning of the study was significantly correlated with eCLcr (P = <0.0001) and p-albumin (P = 0.02). In subsequent studies, concentrations were determined from 2 to 5 weeks of treatment, and high penicillin levels were significantly correlated with low albumin levels (P = 0.01), as well as with other factors: age, body weight and eCLcr, resulting in higher penicillin levels halfway between doses. No adverse effects have been reported in patients during ongoing treatment hypoalbuminemia is associated with increased levels of unbound drug. Nevertheless, the study showed that in this case, the doses used provide therapeutic concentrations of penicillin G in patients with, IE caused by streptococci and staphylococci, only infection caused by enterococci may require monitoring to determine the treatment regimen.
3.1.1.2 Flucloxacillin
Flucloxacillin is a penicillin antibiotic that exhibits activity against Gram-positive bacteria and is most commonly used in skin and soft tissue infections excluding MRSA. The drug binds to albumin at approximately 93% (Meenks et al., 2023). Yoshiro Hayashi et al. conducted a study in which they aimed to test the utility of monitoring a β-lactam drug in critically ill patients. They analyzed the cases of three patients, where two of them were taking flucloxacillin (Hayashi et al., 2013). The first patient was diagnosed with staphylococcal ventriculitis complicating mastoiditis. The patient was diagnosed with mild renal dysfunction (plasma creatinine stat 134 μmol/L, urea stat 13.2 mmol/L on admission) and hypoalbuminemia (18 g/L). The antibiotic was administered at a dose of 2 g intravenously every 4 h, the regimen used resulted in a drug concentration of 24 mg/L on day 4 (the minimum concentration should be 40–50 mg/L), and the concentration in the CSF was indeterminate (<5 mg/L). The dose was increased to 12 g/day, watcher a concentration of 39 mg/L was achieved, and then increased to 16 g/day, which resulted in a concentration of 51 mg/L on day 9. The second patient was diagnosed with staphylococcal endocarditis complicated by cerebral congestion. The treatment regimen consisted of flucloxacillin i.v. 2 g every 4 h, rifampicin i.v. 600 mg/d and sodium fusidate 500 mg every 8 h via nasogastric tube. The patient was diagnosed with hypoalbuminemia (15 g/L), and it was considered that the distribution volume had doubled therefore a dose of 2 g every 4 h was administrated. Only when renal function deteriorated (secondary drug 147 mg/L) was the regimen changed to 1 g every 4 h. In the following days, RRT had to be included because the patient’s condition was deteriorating, this procedure and the lowering of the dose allowed to reduce the level of flucloxacillin. The two cases presented show that the use of TDM in the treatment of infections in areas with poor penetration (CNS infections) is useful to achieve the intended concentrations without the risk of side effects due to drug toxicity, and prevents suboptimal concentrations between doses (Hayashi et al., 2013).
3.1.1.3 Ceftriaxone
Ceftriaxone is a broad-spectrum antibiotic that belongs to the third-generation cephalosporin group. This antibiotic penetrates tissues well and is therefore often used to treat respiratory, urinary tract, skin and soft tissue infections. It is administered intravenously or intramuscularly, as its bioavailability is less than 1% after oral administration. Ceftriaxone is an antibiotic that binds strongly to proteins 95% and has a long half-life, which translates into a convenient dosing schedule for the drug (Richards et al., 1984; Hartman et al., 2021). Heffernan et al. conducted a study aimed at describing the population pharmacokinetics of total and unbound ceftriaxone in adult critical care patients and optimizing the dosing regimen (Heffernan et al., 2022). They obtained 474 samples from 36 patients (total ceftriaxone = 267, unbound 207). Patients had hypoalbuminemia (mean 23.9 g/L). Based on simulated drug dosing, it was shown that depending on the dosing regimen and renal function, reduced albumin levels were associated with a lower probability of achieving the target (PTA). A 10 g/L reduction in albumin at a given renal function reduces PTA by 20%. It follows that in critically ill patients with hypoalbuminemia and augmented creatinine clearance (ARC), there is a need to increase the dose of ceftriaxone to achieve a Cmin/MIC of >1. The recommended dose for patients with ARC or patients with an isolate infection with a higher MIC (>0.25 mg/L) is 3–4 g per day administered by infusion or in divided doses to achieve a Cmin/MIC of >1. The study’s authors also note caution when administering doses in excess of 2 g per day in patients with renal impairment, as the risk of side effects such as seizures is higher than in patients with normal renal function.
3.1.1.4 Ceftriaxone and ertapenem
Ertapenem is a beta-lactam antibiotic belonging to the carbapenem group. It is used in the treatment of moderate to severe abdominal infections, extramedullary pneumonia, complicated skin infections and acute pelvic infections. This antibiotic is administered intravenously or intramuscularly (after intramuscular administration, its bioavailability is about 90%). Its ability to bind to proteins, mainly albumin, de-creases with increasing plasma concentration of the drug (85%–95% binding to proteins) (Curran et al., 2003). In their study, Dhanani et al. compared the effects of different albumin concentrations on total and unbound ceftriaxone and ertapenem using a sheep model. Eight Sheep were given ceftriaxone at a dose of 40 mg/kg b.w. and ertapenem at a dose of 15 mg/kg b.w. in states of normoalbuminemia, plasmapheresis-induced hypoalbuminemia (26.1 g/L) and hyperalbuminemia induced by administration of 25% albumin solution (35.8 g/L). The study proved that the hypoalbuminemic state was associated with lower AUC 0-24 (in normoalbuminemia 83.6 mg - h/L, in hypoalbuminemia 65 mg - h/L) and higher CL (in normoalbuminemia 21.9 L/h, in hypoalbuminemia 28.5 L/h) of total ceftriaxone concentration than in the other phases and the volume of distribution was higher in hypoalbuminemia 26.8 L compared to 19.9 L in normoalbuminemia. Accordingly, for the concentration of total ertapenem, the hypoalbuminemic state was associated with a lower AUC 0-24 (in normoalbuminemia 26.9 mg - h/l, in hypoalbuminemia 24.8 mg - h/l) and a higher CL (in normoalbuminemia 25 L/h, in hypoalbuminemia 28.8 L/h). In hypoalbuminemia for unbound ceftriaxone concentration, AUC 0-24 was significantly reduced (normoalbuminemia 68 mg - h/l, hypoalbuminemia 51 mg - h/l), CL was significantly increased in hypoalbuminemia (normoalbuminemia 27 L/h and 36.3 L/h) and volume of distribution was higher in hypoalbuminemia 36.6 L compared to 23.5 L in normoalbuminemia. Correspondingly, for unbound ertapenem concentration, the values were (normoalbuminemia 16 mg - h/l, hypoalbuminemia 14.5 mg - h/l) and CL was increased in hypoalbuminemia (normoalbuminemia 42.3 L/h and 49.9 L/h), volume of distribution was 38.4 L in hypoalbuminemia compared to 42.1 L in normoalbuminemia. The study found no significant difference between ceftriaxone and ertapenem binding to proteins in normo and hypoalbuminemia. A limitation of the study was that the difference in albumin concentration was too small when comparing normo and hypoalbuminemia. Unbound drug concentrations are often a surrogate for determining tissue drug concentrations; in the study, unbound ceftriaxone concentrations were significantly lower in the hypoalbuminemic phase (Dhanani et al., 2020). For ertapenem, although the effects were similar, they did not achieve statistical significance which may have been due to a limitation of the study (possibly too small a difference in albumin concentration or too small a test sample size. Hypoalbuminemia is common in critically ill patients, the above study shows that it is correct to use higher doses in a group of patients who have hypoalbuminemia. However, the limitation is the non-linearity of protein binding does not allow predicting the exact concentration of the drug, so it is recommended to monitor the drug by direct measurement of drug concentrations.
3.1.2 Concentration-dependent killing antibiotics (Cmax/MIC)
Aminoglycosides are a group of antibiotics whose activity of action depends on the amount of dose, so they show the greatest effectiveness when administered at a high dose. The Cmax/MIC for aminoglycosides should be above 8. Drugs in these groups show a post-antibiotic effect (PAE), if high enough doses are administered these drugs are still effective even though the tissue and plasma concentrations are below the MIC between doses, due to the occurrence of PAE it is possible to have a longer interval between doses without exposing the drug to lack of effect (Szałek et al., 2009).
3.1.2.1 Gentamicin
Gentamicin is an antibiotic used to treat mainly infections caused by aerobic bacteria. It is used parenterally because absorption from the intestinal lumen is low after oral administration. The antibiotic binds to proteins at about 15% (Bailey and Briggs, 2004). Bukkems et al. conducted a study aimed at evaluating the predictive efficacy of a pharmacokinetics model in critically ill patients in intensive care units (ICUs) (Roberts et al., 2013). Patient results were obtained from two institutions collected from AMC (Academic Medical Center, Amsterdam) included 192 samples from 66 patients (albumin concentration 25 (Öbrink-Hansen et al., 2017; Meenks et al., 2023; Hayashi et al., 2013; Richards et al., 1984; Hartman et al., 2021; Curran et al., 2003; Dhanani et al., 2020; Bailey and Briggs, 2004; Etzel et al., 1992; Liu et al., 2021; Butterfield et al., 2011; He et al., 2016; Bailey et al., 1991) g/L), a collection from CHU Nîmes (Centre Hospitalier Universitaire de Nîmes) included 230 samples from 50 patients (albumin concentration 28.7 (25.1–32.8) g/L). Patients received gentamicin at a dose of 5 mg/kg for suspected septicemia and 3 mg/kg for endocarditis. Based on data from the AMC, which obtained more data on albumin levels in patients, a negative correlation was shown between gentamicin distribution volume and serum albumin levels. Albumin levels below 20 g/L are associated with lower and subtherapeutic Cmax. Due to the paucity of concentration measurements with CHU, the relationship was not confirmed. Although the study showed that the presented pharmacokinetic model cannot be applied to other CHUs, it provided important information on how to exercise caution when dosing aminoglycosides in patients with hypoalbuminemia. The authors of the study suggest taking into account albumin levels in gentamicin dosing and testing Cmax at the beginning of treatment in patients with albumin levels below 20 g/L or using a dose above 6 mg/kg with in patients with albumin levels below 20 g/L in the absence of TDM (Bukkems et al., 2018).
3.1.2.2 Gentamicin and tobramycin
Tobramycin is an antibiotic belonging to the aminoglycoside group, which is mainly used to treat infections of the lower respiratory tract, urinary tract, skin, eye, bone and infections in patients with coexisting cystic fibrosis. The drug can be administered intravenously, by inhalation or as eye drops; when administered intravenously, tobramycin is poorly absorbed. The drug binds to proteins at about 30% (Bailey and Briggs, 2004).Etzel et al. conducted a study to evaluate the pharmacokinetics of gentamicin and tobramycin in patients without pleural effusion (n = 1,049), (mean albumin concentration in this group was 2.8 ± 0.7 g/dL) and with pleural effusion and concomitant hypoalbuminemia (n = 260) (mean albumin concentration 3.2 ± 0.7 g/dL). Patients received aminoglycoside doses such that the 1-h peak concentration was 5–10 mg/dL and the minimum con-centration was more than 2 mg/dL, regardless of the dosing interval (Etzel et al., 1992). Multiple linear regression analysis showed significant effects on the volume of distribution of aminoglycosides and the associated half-life in the elimination phase of the drug: higher age (P = 0.04), low serum albumin concentration (P = 0.0001), total patient weight (P = 0.0001) and the presence of pleural effusion on X-ray (P = 0.008), while total amino-glycoside clearance did not differ significantly between patients (P > 0.4). The analysis results presented here indicate that patients with pleural effusion, which is associated with hypoalbuminemia, may require higher doses of aminoglycosides such as gentamicin and tobramycin to achieve therapeutic drug concentrations. The study authors recommend monitoring aminoglycoside levels in patients with pleural effusion to pre-vent subtherapeutic drug concentrations (Etzel et al., 1992).
3.1.3 Concentration-dependent antibiotics with a time-dependent component (AUC24/MIC)
Glycopeptides are a group of antibiotics that exhibit efficacy from the drug con-centration and the time at which the drug concentration is above the MIC. The high efficacy of these drugs is associated with the administration of high doses with a long half-life, with an increase in the frequency of doses if the substance used has a short half-life, or with administration by prolonged infusion (Liu et al., 2021).
3.1.3.1 Vancomycin
Vancomycin belongs to the group of glycopeptide antibiotics. It is used to treat sepsis, infective endocarditis, skin and bone infections (intravenous administration) and to treat pseudomembranous enteritis caused by Clostridium difficile bacteria (oral administration). The drug binds to serum proteins at about 50% (Butterfield et al., 2011). He et al. conducted a study to evaluate pharmacokinetics in patients with severe acute pancreatitis (SAP) (n = 67) (He et al., 2016). The mean dose received by patients was 15.0 ± 3.7 mg/kg. Patients with SAP showed significantly lower vancomycin levels (6.1 ± 3.0 mg/L; P < 0.0001) with a volume of distribution of 62.9 ± 16.5 L and a CL of vancomycin of 9.9 ± 3.5 L/h. The study authors observed a strong correlation between minimum vancomycin concentration and age (P = 0.004), albumin (P = 0.02) and treatment duration (P < 0.0001). A stepwise regression analysis was also performed on the basis of which information was obtained that duration was the most important variable (R2 = 0.456), then patients were divided into an early group (treatment duration <4 weeks) and a late group (treatment duration >4 weeks).Vancomycin clearance in the early group was significantly higher than in the late group (10.8 ± 3.3 vs 6.3 ± 1.5 L/h). Based on the study, it was shown that standard doses of vancomycin may not be sufficient for patients with SAP accompanied by hypoalbuminemia to achieve the recommended 24 h AUC/MIC value (for S. aureus = 400) and higher doses should be used. Although the statistical significance of lower albumin levels has been demonstrated, the study authors suggest further investigation on this issue (He et al., 2016).
3.1.3.2 Teicoplanin
Teicoplanin, like vancomycin, belongs to the glycopeptide antibiotics, similar to vancomycin it also has a similar mechanism and spectrum of action. Parenteral it is used in the treatment of skin, bone, soft tissue infections, pneumonia, infective endocarditis and orally it can be used as an alternative to vancomycin in the treatment of colitis caused by C. difficile infection. Teicoplanin binds strongly to proteins about 90% (Bailey et al., 1991). Roberts et al. studied the variability of teicoplanin’s binding to proteins and the effectiveness of the therapy in monitoring the drug in critically ill patients (n = 13). Patients received daily doses ranging from 2.7 to 20 mg/kg. The range of albumin levels in the patients studied was 17.5–34 g/L. The lower therapeutic range was 10–20 mg/L, which 42% of patients achieved, and the higher range was 10–30 mg/L, which 58% of patients achieved, and the dose used correlated with total teicoplanin concentration (R2 = 0.5996). Among the patients studied, free teicoplanin plasma concentrations ranged from <0.1 mg/L to 10 mg/L (average dose) and 0.1 mg/L to 4.5 mg/L (minimum). The study showed significantly higher unbound fractions in patients with lower albumin levels (P = 0.0078). The authors suggest that for this group of patients, the required minimum daily dose should be 6 mg/kg to achieve a minimum concentration (≥10 mg/dL) and recommend considering a saturating dose (12 h for the first three doses) to avoid subtherapeutic concentrations of the drug. Roberts et al. infer from their results that hypoalbuminemia in critically ill patients is associated with a very high variability in the binding of teicoplanin to proteins, which supports the use of monitoring free teicoplanin concentrations instead of total concentrations in TDM (Roberts et al., 2014). At the same time, they note the need to confirm this in a prospective study.
3.2 Glucocorticosteroids
Glucocorticosteroids are some of the most commonly used anti-inflammatory drugs today, they are derivatives of steroid hormones produced in the striatal layer of the adrenal cortex.
3.2.1 Prednisolone
Prednisolone, which belongs to the group of glucocorticosteroids, has a wide range of action, and is used in the treatment of adrenal insufficiency, inflammation, hematopoietic conditions and cancer. This drug can be used intravenously, orally and rectally. The bioavailability of prednisolone after oral administration reaches about 70%. Binding to proteins is variable, ranging from 65% to 91% in healthy individuals (Pickup, 1979; Ferry et al., 1988). Bergrem et al. compared three groups: nephrotic syndrome patients with normal serum creatinine levels (n = 7), patients on dialysis (n = 7) and a control group (n = 12) in terms of pharmacokinetics and prednisolone binding to proteins. All received 20 mg of prednisolone sodium succinate. Patients with nephrotic syndrome had normal serum creatinine levels and normal liver function tests. The authors of the study showed that patients with nephrotic syndrome relative to the control group had significantly lower peak serum prednisolone concentrations by 24% (P < 0.05), (in patients with nephrotic syndrome Cmax = 366 ng/mL, and in patients with normoalbuminemia Cmax = 481 ng/mL), significantly higher volume of distribution at steady state by 39% (P < 0, 05), (in nephrotic syndrome patients VD = 43.5 L, and in normoalbuminemic patients 26.7 L), significantly smaller area under the curve of total prednisolone concentration over time by 31% (P < 0.05), (in nephrotic syndrome patients AUC = 1787 ng*h/mL, and in normoalbuminemic patients AUC = 2,578 ng*h/mL), a significantly higher total prednisolone clearance by 32% (P < 0.05), a significantly higher free prednisolone fraction by 14%, and a smaller area by 13% under the curve for free prednisolone concentration. Bergrem et al. showed, based on their study and the in-formation cited above, that a reduction in prednisolone dose may not be necessary if renal and hepatic function is normal, as dis-orders affecting these organs can affect clearance and binding to proteins, confounding the effect of hypoalbuminemia alone in nephrotic syndrome (Bergrem, 1983).
3.3 Immunosupressive drugs
Immunosuppressive drugs are medications that modulate or suppress the immune response, often to prevent organ rejection in transplant patients or to manage autoimmune diseases. The dosing and efficacy of immunosuppressants depend on achieving plasma concentrations within the therapeutic window to prevent toxicity or graft rejection. Many of these drugs require close monitoring due to their narrow therapeutic index and potential for adverse effects such as nephrotoxicity, hypertension, or increased risk of infections.
3.3.1 Cyclosporine
Cyclosporine is an immunosuppressive drug used in various inflammatory conditions such as rheumatoid arthritis, ulcerative colitis, membranous glomerulonephritis and to prevent transplant rejection. It helps reduce the doses of steroids and their adverse reactions. Cyclosporine is also used in steroid-resistant nephrotic syndrome. On the other hand, it can cause a variety of side effects by itself, even within its therapeutic range levels. Cyclosporine is lipophilic (Barbarino et al., 2013) Around 50% of the administered dose is found in erythrocytes’ cytoplasm (Freeman, 1991; Reinhart WH, 1993). 90% of plasma concentration is bound to proteins, mainly lipoproteins. In healthy individuals 50%–60% of the plasma CsA is bound to HDL, 20%–30% to LDL, 10%–25% to VLDL and 10%–15% to non-lipoprotein proteins. Hyperlipidemia increases a fraction bound to LDL and VLDL without altering the amount bound to non-lipoprotein proteins (Abdel-Mottaleb et al., 2023). A study conducted by Jacqz-Aigrain et al. showed no correlation between serum albumin and cyclosporine clearance. However, a relation between serum albumin and cyclosporine free fraction was not determined in the study. Other factors that may coexist with hypoalbuminemia should be taken into account. Hematocrit was found to affect cyclosporine clearance, cholesterol level was interestingly not. A significant correlation between creatinine clearance and cyclosporine clearance in the study is worth noticing, however probably coincidental (Jacqz-Aigrain et al., 1994).
A number of studies (Jacqz-Aigrain et al., 1994; Takeda et al., 2007; Lindholm et al., 1990) indicate the changes in absorption may be the cause of significant differences between achieved drug levels after oral intake. The absorption of cyclosporine occurs mainly in the intestine (Barbarino et al., 2013; Forsythe and Paterson, 2014) and is largely affected by bile acid (Zhao et al., 2010), possibly due to enterohepatic recirculation (Ferry et al., 1988). Thus therapeutic drug monitoring seems to be mandatory (Naito et al., 2008; Faulds et al., 1993; Saito et al., 2014) for all the patients treated with cyclosporine, not only those with hypoalbuminemia. It is also worth noticing that high dose CsA can inhibit hepatic albumin synthesis, leading to hypoalbuminemia (Jeon and Kim, 2011).
Although cyclosporine may be the cause of a variety of side effects, their use may actually decrease pharmacotherapy’s adverse reactions frequency by reducing the use of steroids, as in the study conducted by Shirai et al. (Shirai et al., 2018). The risk to benefit ratio and adequate dosage should always be individually evaluated.
3.3.2 Mycophenolate mofetil
Mycophenolate mofetil (MMF) is an immunosuppressive drug, usually combined with steroid and/or cyclosporine to prevent organ rejection and as a treatment of various diseases with nephrotic syndrome. It is a prodrug of mycophenolate acid (MPA), a reversible inhibitor of inosine monophosphate dehydrogenase (IMPDH) (Allison, 2005). Absorption in the small intestine after oral intake and metabolism is rapid and not affected by food, reaching maximum plasma concentration of MPA within 60–90 min 97% of plasma MPA is bound to protein, mainly albumin (Park, 2011).
A number of studies (Naito et al., 2008; Nishimura et al., 2022; Reine et al., 2013) confirm a significant negative correlation between albumin and MPA free fraction, but a positive correlation between albumin and MPA AUC 0-12 h (Nishimura et al., 2022). Thus MPA free fraction seems to be more suitable for therapeutic drug monitoring than total MPA concentration, but as demonstrated in the research conducted by Reine et al. (Reine et al., 2013), both total MPA and free MPA may be equal predictors of the immunosuppressive response with albumin level within 25–35 g/L range examined in the study. In cases of severe hypoalbuminemia however, total MPA concentrations may stay low and not increase (Nishimura et al., 2022).
Other factors influencing MMF and MPA pharmacokinetics include body weight (Naito et al., 2008), kidney function (Reine et al., 2013), liver metabolism, genetically determined IMPDH enzyme activity, enterohepatic recirculation (which may be inhibited by Cyclosporine A coadministration) and possibly also enzyme induction as a result of MMF administration (Sanquer et al., 1999; Wang et al., 2007). Hematological abnormalities, gastrointestinal symptoms are possible side effects and signs of overdose (Park, 2011; Alex et al., 2014; Parfitt et al., 2008). Narrow therapeutic index (Reine et al., 2013), high variability in pharmacokinetics between patients and within subjects over time support the idea of implementing TDM when MMF is administered (Reine et al., 2013; Bullingham et al., 1998; Pisupati et al., 2005). TDM based on MPA AUC 0–12 h is the most accurate way to monitor and adjust dosage, however in patients with nephrotic syndrome TDM based on MPA C through appears to be accurate enough and efficient, as it does not require multiple blood samples within 12 h (Resztak et al., 2021).
3.3.3 Methotrexate
Methotrexate (MTX) is an immunosuppressive and antineoplastic agent that acts as antimetabolite, blocking dihydrofolate reductase and cell division. The drug has a narrow therapeutic index, being nephrotoxic, myelotoxic, hepatotoxic and causing gastrointestinal symptoms. Only around 50% of methotrexate is bound to plasma proteins. Volume of distribution is 1L/kg (Inoue and Yuasa, 2014). However, as shown in a study by Reiss et al. (2016), hypoalbuminemia is altering MTX pharmacokinetics as there is a significant negative correlation between albumin level and MTX clearance time, as patients with albumin level below 3.4 g/dL had median time to MTX clearance of 72 h compared to 96 h of non-hypoalbuminemic patients. The reason for this may be a decrease in oncotic pressure, leading to third spacing by shifting fluid into interstitial spaces. This would result in MTX being accumulated in the third space and slowly released over time. The relation between albumin levels and methotrexate free fraction was not determined.
Reiss et al. (2016) showed few differences in toxicity between patients with hypo- and normoalbuminemia, but the sample size included only 32 patients with hypoalbuminemia and other medications were administered, which may have affected the results. Barakat et al. (2022) and Khera et al. (2022) showed statistically significant positive correlation between hypoalbuminemia and MTX toxicity in children with acute lymphoblastic leukemia. Hence therapeutic drug monitoring and leucovorin or folinic acid administration (Ackland and Schilsky, 1987; Treon and Chabner, 1996) seem useful.
3.4 Nonsteroidal anti-inflammatory drugs (NSAIDs)
NSAIDs are a widely used class of drugs that reduce inflammation, pain, and fever. Their primary mechanism involves inhibiting cyclooxygenase (COX) enzymes, which are critical for the synthesis of prostaglandins involved in inflammation and pain signaling. Long-term or high-dose use of NSAIDs is associated with adverse effects such as gastrointestinal ulceration, renal impairment, and increased cardiovascular risk. To optimize their therapeutic effect while minimizing risks, they are often prescribed at the lowest effective dose for the shortest possible duration. They are all highly protein bound, with fraction bound to plasma albumin exceeding 95%. This causes important medical implications, as they can displace other drugs from albumin binding sites, increasing toxicity (Weinblatt, 1989). Hypoalbuminemia may also increase the NSAIDs’ free fraction, resulting in greater efficacy. As shown in several studies (Van den Ouweland et al., 1986; Van den Ouweland et al., 1988), patients with rheumatoid arthritis, whose albumin levels fluctuate greatly depending on a disease activity, present variable free fraction of naproxen. Treated with 500 mg of twice daily, during active disease peak unbound drug concentration (Cmax) was 0.73 mg/L and AUC0-12 h of unbound drug was 2.94 mg*h/l, compared to Cmax = 0.32 mg/L and unbound drug AUC0-12 h = 1.94 mg*h/l at the time of improvement. During the relapse, albumin levels drop, naproxen free fraction levels increase, which might be even beneficial. Therapeutic drug monitoring is not recommended, but when taken chronically, periodic examination of the patient in search of side effects is valuable. It is worth noting that NSAIDs used long-term may cause small intestine inflammation as their adverse reaction in adults and children, resulting in protein loss and hypoalbuminemia (Boodhan and Friedman, 2009).
3.5 Antifungal drugs
Antifungal drugs are agents used to treat fungal infections, targeting the unique components of fungal cells. The efficacy of these drugs depends on both the drug concentration and the duration of exposure above the minimal inhibitory concentration (MIC). For instance, azoles inhibit ergosterol synthesis. These drugs are often associated with dose-dependent toxicities such as hepatotoxicity requiring careful monitoring during therapy.
3.5.1 Itraconazole
Itraconazole (ITZ) is a highly lipophilic triazole antifungal agent used to treat various fungal infections, such as blastomycosis and onychomycosis. It has a volume of distribution exceeding 700 L in adults and extensively distributes into tissues, with organ concentration reported to be 2-3 times higher than corresponding plasma concentration. ITZ is extensively metabolized in the liver, primarily into hydroxyitraconazole, which has been shown to exude comparable antifungal activity to its’ parent compound (De Beule and Van Gestel, 2001). Mochizuki et al. reported a case of a 75-year-old man suffering from Aspergillus sp. induced hypertrophic pachymeningitis, which was unsuccessfully treated with antifungal agents until 200 mg ITZ daily was issued. Abnormally low levels of serum ITZ were reported on day 1, as indicated by peak plasma concentration Cmax = 93.2 vs. 215.6 ng/mL; mean ITZ area under the curve of the serum level was also decreased AUC0-24 = 999 vs. 4,142 ng h/mL compared to healthy subjects. Hydroxy-itraconazole reached Cmax = 159.4 ng/mL and AUC0-24 = 1,391 ng h/mL. These findings were associated with hypoalbuminemia, which was diagnosed on day 2, as the patient suffered renal insufficiency because of previous amphotericin B treatment. Plasma albumin level was 2.8 g/dL at ITZ initiation and increased to 3.9 g/dL by the end of therapy. Researchers believe this to be the reason for plasma drug concentrations reaching 452 ng/mL at 36th month of treatment as albumin normalized. ITZ binds to protein in 99.8%, with albumin being the main binding agent (99.6% for hydroxy metabolite), which could cause an increase in the unbound form. The resulting decrease in total drug concentration in blood would be the result of blood vessel permeation and high tissue concentration. This explanation remains unconfirmed as neither unbound ITZ serum concentration nor tissue concentrations were measured. The infection did not recur, and no adverse effects were observed which would suggest that administrated dose was enough to exert therapeutic effect, attributing lower than expect ITZ levels to insufficient measuring techniques rather than decreased drug concentration. This remains consistent with previous findings as the researchers deny the patient taking H2 blockers or enzyme inducers that have been shown to decrease serum ITZ concentration. Route of administrations should be also factored in as a possible explanation. ITZ bioavailability when given orally stands at 55%, yet requires acidic gastric environment that, as researchers suggest, could have been increased due to age and low fat meal prior to drug administration (Mochizuki et al., 2000).
3.5.2 Posaconazole
Posaconazole is also a triazole antifungal drug, used to treat invasive Candida sp. and Aspergillus sp. infections in immunocompromised patients. It is present in plasma primarily in unmetabolized form, which is highly protein bound (>98%), predominantly to albumin. The metabolism of posaconazole is mediated predominantly through uridine diphosphate-glucuronyltransferase enzyme pathways. Excreted metabolites account for only 17% of administered dose and are eliminated with a mean half-life of 35 h (Li et al., 2010). A recent report in Open Forum Infectious Diseases mentions a link between hypoalbuminemia and the occur-rence of subtherapeutic posaconazole concentrations, with 22.7% of patients failing to achieve the trough concentrations desired for prophylaxis, and 50% failing to achieve concentrations of at least 1.25 μg/mL for therapy. David et al. point to unbound concentration remaining unchanged despite albumin decrease as it is governed by intrinsic clearance and unbound volume of distribution. The unbound drug remains in equilibrium with the bound drug, thus the capacity to bind the drug is reduced proportionally to the reduction in albumin concentration. The more extensive the protein binding, the greater its effect on the pharmacokinetics of the total drug, particularly on total clearance and volume of distribution (Nix et al., 2024) Maleki et al. reported a case of a 57-year-old male suffering from acute myeloid leukemia and pulmonary aspergillosis. Patient exhibited low albumin levels throughout hospitalization consistently averaging 25 g/L. The cause of hypoalbuminemia was not specifically disclosed by authors but could result from aforementioned comorbidities. Treatment with posaconazole was issued using tablets of 300 mg/d for 5 days, with initial steady state posaconazole trough level of 0.84 mg/L (target >0.70 mg/L). After a spike in bilirubin was noted (36 mm/L) total serum posaconazole concentration dropped to subtherapeutic 0.4 mg/L and a dosage increase on day 5 through 12–400 mg/d commenced. Failure to achieve target levels and treatment success eventually led to a replacement of posaconazole with voriconazole, which elicited full recovery. Researchers conclude that failure to achieve target drug levels and therapeutic effect of therapy can be attributed to hypoalbuminemia and hyperbilirubinemia (Maleki et al., 2018). Faster posaconazole elimination can be expected, as low albumin level increases unbound drug fraction available for metabolism and prolonged state of high bilirubin concentration can lead to increased glucuronidation through pathway upregulation. Bilirubin may compete for binding to serum albumin further expanding unbound drug fraction. These changes to drug concentration cannot be confirmed since unbound drug concentration was not measured in this study.
3.6 Anticonvulsant drugs
Anticonvulsant drugs are used to prevent or reduce the frequency of seizures in individuals with epilepsy or other seizure disorders. The choice of anticonvulsant depends on the type of seizures, patient factors, and drug pharmacokinetics. These drugs require individualized dosing and titration to achieve therapeutic plasma levels while avoiding adverse effects such as sedation, dizziness, or long-term complications like hepatic dysfunction.
3.6.1 Phenytoin
Phenytoin is an anticonvulsant with a narrow therapeutic range of 10–20 mg/L, which is heavily influenced by comorbidities and albumin levels as it binds to plasma protein in 90%. After intravenous administration half-life of phenytoin ranges from 10 to 15 h, with the majority being excreted as inactive metabolites in bile. Toxicity affects mainly the nervous and cardiovascular system, owing to antiarrhythmic activity. Drug monitoring is recommended as neurotoxicity is dependent on serum concentration, which can result in mild nystagmus, tremors and nausea or at higher levels produce coma and seizures. Tbler et al. described a case of a 25 years old HIV-positive woman with focal segmental glomerulosclerosis and hypoalbuminemia, who experienced severe phenytoin toxicity following hospital admission. She received an initial drug loading phase of 800 mg iv, followed by a regime of 400 mg/d iv phenytoin due to generalized clonic-tonic seizure. The patient exhibited marked lethargy, was unresponsive to deep pain and experienced bilateral clonus and tremors. Laboratory found free phenytoin concentration of 4.9 μg/mL (norm 1–2 μg/mL) with total concentration of 10.9 μg/mL and plasma albumin of 0.2 g/dL. Phenytoin doses were subsequently withheld and after 24 h the patient was alert, with no clinical signs or symptoms of phenytoin toxicity or seizure activity. Researchers remark that AIDS, with associated renal abnormalities or hypoalbuminemia, may increase the risk for elevated free fractions of phenytoin (Tbler et al., 1990).
In another study, phenytoin caused marked clinical toxicity in a 73-year-old man treated for post-herpetic neuralgia. Patient reported ataxia and drowsiness, while receiving a dose of 400 mg daily. Administration route was not specified. Measured serum total phenytoin concentration was Cmax = 58 μmol/L (N.R. 40–80 μmol/L), with serum free phenytoin concentration increased to 10.2 μmol/L (N.R 4–8 μmol/L) and serum albumin of 23 g/L. Low serum albumin was attributed to undernutrition. After lowering dosage to 250 mg/d free phenytoin concentration normalized and symptoms subsided (Fulton et al., 1988).
Seizures are a common symptom of central nervous system disease in patients with HIV infection and many remain on anticonvulsant therapy, as recurrence is high if left untreated. Free phenytoin serum concentration proves valuable in treatment of hypoalbuminemia patients, yet it could be difficult to access and time consuming, which is not efficient for bedside dose titration. Researchers suggest usage of the Sheiner Tozer algorithm for calculating free drug concentration. A study of 23 patients with low plasma albumin measured free PHT fraction to be 1.1 mg/L (±0.5 mg/L); which was comparable to calculated free phenytoin fraction with Sheiner Tozer algorithm (1.2 ± 0.7 mg/L). Authors of the study point out that the formula frequently underestimates, rather than overestimates the measured free PHT in relation to therapeutic ranges, but proves useful when the latter measurement is not feasible accessible (Tobler et al., 2016).
Hypoalbuminemia is also frequent in patients with HIV infection, which may complicate drug concentration readings. Serum phenytoin concentrations were studied in 21 patients with AIDS. Mean blood albumin was low (3.2 ± 0.8 g/dL) and was found to be associated with increased measured free phenytoin concentration. However, free phenytoin concentration was lower than calculated using Sheiner Tozer algorithm, further encouraging free concentration measurements (Burger et al., 1994).
Similarly, Krasowski et al. concluded that measured free phenytoin concentration should be obtained where possible to guide dosing and adjusted concentration can supplement total concentration in patients with low plasma albumin (Krasowski and Penrod, 2012).
3.6.2 Valproic acid
Valproic acid (VPA) is an anticonvulsant mainly used in controlling complex partial and simple or complex absence seizures but has also found usage in treatment of bipolar disorder as well as migraine. It has a half time of 13–19 h and is eliminated through hepatic metabolism in 30%–50% In blood it binds to protein in 80%–95%, primarily to albumin. This affinity remains linear at 40 μg/mL, and changes to nonlinear at higher concentrations. In hypoalbuminemia patients, VPA binding may decrease, in which case a patient can experience toxic effects although the total concentration is within the therapeutic range. Symptoms of overdose include somnolence, heart block, deep coma, and hypernatremia, with fatalities being reported in extreme cases. However, patients have recovered from valproate serum concentrations as high as 2,120 μg/mL. Dautzenberg et al. described a case of 66-year-old women with bipolar disorder, who suffered severe reversible cognitive impairment because of VPA toxicity. She was initially dosed 300 mg/d due to hypomania, with gradual increase over a course of 49 days to maximum recommended dose of 2,500 mg/d as mania developed. This resulted in total valproic acid serum concentration (tVPA) of 30 mg/L (therapeutic: 40–120 mg/L), which prompted use of 4,000 mg/d VPA, as the measured value was believed to be subtherapeutic and mania worsened. Her Montreal Cognitive Assessment score had declined to 15 of 30 from 24 on admission, and Mini-Mental State Examination was 20 of 30 on 109th day of hospitalization. Eventually her cognitive function severely deteriorated with conative function deficits and activities of daily living dependency comparable with Geriatric Deterioration Scale 4. The patient became apathetic, could barely be motivated to eat or drink, and was in need of a wheelchair. These findings were retrospectively found to coincide with significantly raised free serum concentration of VPA reaching 37.8 mg/L (reference range, 4–12 mg/L) at with total fraction of VPA to marked hypoalbuminemia in course of membranous glomerulopathy. There was a time correlation with the tVPA, free concentration and the severity of cognitive impairment, that started at 4,000 mg VPA, and deteriorated as the patient’s albumin dropped from stable 23–26 g/L to 14 g/l. As VPA was withdrawn, she switched to a hyperactive delirium and suffered a seizure, which was successfully treated with 5 mg of olanzapine. Dechallenge of VPA gradually resulted in a continuous revitalization as her cognitive and cognitive functioning recovered to pre-VPA levels (Dautzenberg et al., 2018).
Similar findings were shared in a study of 15 intensive care unit patients with albumin level below 4 g/dL treated with VPA for seizures, myoclonus, bipolar disorder, schizophrenia and refractory agitated behavior. At a daily dose of 3 g, the free fraction of VPA was 48%, with a range of 15%–89%, compared to reference 5%–10%. The researchers note that protein binding within the cohort was highly inconsistent and could not be predicted using tVPA, even when correcting for albumin. Measured tVPA was 52 mg/L (therapeutic: 29–65 mg/L), presenting low or reference range values of 22–92 mg/L, despite high free serum valproate concentrations that were often above the reference range at 20 (therapeutic: 18–30) mg/L (range: 11–37 mg/L). 10 patients (68%) experienced adverse drug events, seven hyperammonaemia, two elevated transaminases and five thrombocytopenia (Riker et al., 2017). Gideal et al. also reported on a patient receiving 4 g of VPA with albumin concentration of 33 g/L, that produced difficulty in walking and involuntary muscle jerks. tVPA concentration was 103 μg/mL and free plasma concentration 26.8 μg/mL. Symptoms resolved once dosage reduction was introduced (Gidal et al., 1993).
3.6.3 Diazepam and phenobarbital
Diazepam is a long-acting benzodiazepine used to treat panic disorders, severe anxiety, alcohol withdrawal, and seizures. When ingested it is absorbed rapidly in more than 90% and reaches peak serum concentration within 1.5 h. Diazepam binds to plasma protein in 98%–99%, mainly to albumin. In the liver it undergoes metabolization to desmethyldiazepam, temazepam and oxazepam, which are all pharmacologically active forms and extend drugs’ activity due to long half-life. Similarly, Phenobarbital is also a long-lasting anticonvulsant used in the treatment of all types of seizures. It has a half-life of 79 h yet binds to protein in only 20%–45%. It is counter advised to combine phenobarbital and diazepam as they both exert inhibitory effects on the central nervous system, which could lead to respiratory depression.
Nonetheless, usage of both diazepam and phenobarbital was reported by Traeger et al. where combination of these drugs induced coma, which occurred in the treatment of alcohol withdrawal seizures. The patient was a 52-year-old female alcoholic suffering from severe liver disease and had albumin of 4 g/dL on admission that dropped to 2.7 while hospitalized. She received 660 mg iv phenobarbital on day 1 and 2, followed by 60 mg every 12 h on day 3 through 12; diazepam was administered on day 2 through 5 in increments 5–10 mg iv for a total dose of 152.5 mg. On day 12 the patient was comatose and orally activated charcoal was administered subsequently. Measured day 2 phenobarbital serum concentration was 19,4 mg/L (N.R 15–40 mg/L) and remained consistent until administration of oral activated charcoal on day 13. Diazepam serum concentration increased throughout admission, peaking at 0.33 mg/L (N.R 0.1–0.8 mg/L), with desmethyldiazepam concentration of 1.1 mg/L (N.R 0.2–0.65). Serum free fraction of both drugs was not measured but is believed to be increased as a result of low serum albumin presented by patients. This remains to be the main contributing factor in observed toxicity as authors suggest (Traeger and Haug, 1986).
3.7 Others
3.7.1 Furosemide
Furosemide is a competitive inhibitor of sodium-potassium-chloride cotransporters in the proximal and distal tubules and the thick ascending loop of Henle. It pro-motes diuresis by increasing the excretion of water and electrolytes. It binds primarily to serum albumin. Furosemide is bound in 91%–99% in healthy subjects, the unbound fraction is around 2%–4%. Furosemide is a drug often used in the treatment of nephrotic syndrome. The study conducted by Keller et al. is focused on evaluating the pharmacokinetics of furosemide in patients with nephrotic syndrome and it showed the diminished protein binding of furosemide from 98.6% to 97.2% due to low albumin levels in nephrotic patients that were administered 40 mg of furosemide intravenously. The AUC was 166 ± 36 and 237 ± 46 μg min/mL for nephrotic patients and control group consecutively. The mean free fraction of furosemide was elevated in patients with nephrotic syndrome (0.028 vs. 0.014). The volume of urine, sodium excretion and furosemide excretion were significantly decreased in nephrotic patients (P < 0.001, P < 0.005, P < 0.005) which suggest worse response to treatment. Nevertheless, the reduced response to the diuretic in those patients is more likely, according to the authors, the result of renal impairment rather than the low albumin levels themselves. The research also showed the increased non-renal clearance of furosemide in patients with nephrotic syndrome (Sjöström et al., 1989). In the study conducted by Sjöström et al. administration of dextran increased plasma volume, which lowered the albumin concentrations and consecutively increased the volume of distribution and renal and non-renal clearances of furosemide. They decreased after the albumin infusion, which suggests the correlation of lower serum albumin concentrations with higher clearances (Keller et al., 1982). Some studies indicate that reduced albumin levels can lead to unsatisfactory transportation of the diuretics to kidneys but the correlation between hypoalbuminemia and diuretic resistance remains uncertain (Sjöström et al., 1989; Elwell et al., 2003).
Klinkmann et al. focused on not only albumin concentration but also their function expressed in albumin binding capacity (ABiC). The study showed a correlation between ABiC and glomerular filtration rate (GFR) (P = 0.003), describing decreased ABiC accompanying renal impairment. It also correlates with a free furosemide fraction that is significantly higher in patients with ABiC ≤60% than in those with ABiC ≥60% (P < 0.001). They also observed a positive correlation between ABiC and the response to initiation of furosemide described as urine output to fluid intake ratio. ABiC could potentially serve as a marker to predict diuretic response, but further research is necessary to confirm its effectiveness (Klinkmann et al., 2022).
The simultaneous use of furosemide and albumin is a possible treatment option. The meta-analysis of various studies on this topic has suggested that this form of treatment may only be advantageous for specific groups of patients, such as those with a basal albumin concentration that is below 2.5 g/dL, those with impaired renal function, or those who receive >30 mg of albumin (Lee et al., 2021).
The urinary excretion of furosemide and diuretic resistance in hypoalbuminemic patients with heart failure is not associated with their plasma albumin concentration (Lee et al., 2021; Charokopos et al., 2019). Moreover, no correlation between albumin levels and the urinary excretion of furosemide was found in the study on critically ill hypoalbuminemic patients with cardiovascular and cerebral disorders, infections, malignancies, traumas. The simultaneous administration of furosemide with albumin was also not beneficial for those patients in the six and 8-h follow-up (Mahmoodpoor et al., 2020).
3.7.2 Vitamin D
A biologically active metabolite of vitamin D is 1,25-dihydroxyvitamin D (1,25(OH)2D), which has various metabolic effects. Its crucial function is to preserve calcium homeostasis. The initial hydroxylation of vitamin D takes place in the liver, resulting in the production of 25-hydroxyvitamin D (25(OH)D). The subsequent hydroxylation occurs in the kidneys, leading to the formation of 1,25-dihydroxyvitamin D. Studies suggest vitamin D protein binding above 99%. The majority of it binds to vitamin D binding globulin (DBP), but it also binds to albumin (Bikle and Schwartz, 2019).
The study conducted by van Hoof et al. showed lower total and free 1,25(OH)2D and 25(OH)D serum concentrations in patients with nephrotic syndrome compared to controls. Surprisingly, a positive correlation between total and free 1,25(OH)2D and albumin concentration was proven, but not with DBP. Nephrotic patients presented hypoalbuminemia, meanwhile, their DBP levels were within normal range (Traeger and Haug, 1986). This may indicate that the loss of albumin-bound 1,25(OH)2D and 25(OH)D in the urine is more significant than the DBP-bound fraction in those patients, even though DBP binds more than 85% of vitamin D. Other potential explanations for reduced total and free 1,25(OH)2D concentrations include lower steady state and incapability of 1a-hydroxylase activity due to impairment of tubular function (van Hoof et al., 2001). Furthermore, this may contribute to enhanced bone resorption and various bone disorders in individuals with nephrotic syndrome (Malluche et al., 1979). As a contradiction, data in the literature also present nephrotic patients with significantly lowered DBP levels compared to a control group, yet still mostly within the normal range (Barragry et al., 1977; Schmidt-Gayk et al., 1977).
Studies carried out on individuals with hypoalbuminemia caused by ailments other than nephrotic syndrome have also exhibited a link between low levels of plasma albumin and a deficiency of vitamin D (Chiang et al., 2021; Lai et al., 2015; Bhan et al., 2010). In a study conducted by Lai et al., patients with cirrhosis were compared based on their plasma albumin levels. The study found that both total 25(OH)D and free 25(OH)D were significantly lower in patients with low albumin levels compared to those with normal albumin levels. However, the percentage of free 25(OH)D was significantly higher in patients with low al-bumin levels. Additionally, patients with hypoalbuminemia also had lower 1,25(OH)2D (Bhan et al., 2010). The cross-sectional study performed on older adults with hip fracture identified low albumin levels as the only significant risk factor of vitamin D deficiency among the other potential risk factors examined (Chiang et al., 2021). In the study on dialysis patients, the majority had a 25(OH)D deficiency, which was associated with low plasma albumin. This may indicate the need to consider empiric therapy with the nutritional form of vitamin D for these patients, especially during the winter season (Bhan et al., 2010).
3.7.3 Lovastatin
Lovastatin is an HMG - CoA reductase inhibitor, used to reduce elevated levels of low-density lipoprotein cholesterol (LDL). It is mainly used as the primary and secondary prevention of cardiovascular disease. More than 95% of lovastatin and its β-hydroxy acid metabolite bind to human plasma proteins. Lovastatin’s use in nephrotic syndrome or proteinuria above 3 g/day is to reduce coexisting hyperlipidemia. It is effective in lowering serum total cholesterol, LDL and apolipoprotein B (Chan et al., 1992; Vega and Grundy, 1988). In the study conducted by Chan et al., the efficacy of lovastatin was confirmed, no significant changes in proteinuria, serum albumin and renal albumin clearance were observed. The treatment should be under control as adverse effects such as drug-dependent rhabdomyolysis and severe hypertriglyceridemia appeared during the study (Chan et al., 1992).
3.7.4 Dexmedetomidine
Dexmedetomidine is a highly selective alpha-2 agonist used for sedation. In healthy individuals, around 94% of plasma dexmedetomidine is bound to albumin. Iirola et al. reported a study of dexmedetomidine pharmacokinetics and pharmacodynamics during a long-term infusion (>48 h) in patients of an intensive care unit. The dosages were selected individually for each patient to achieve an optimal sedation. The decrease in albumin concentration was found to result in a significant increase in the distribution volume at steady state (VdSS). The study also demonstrated that the elimination half-life of dexmedetomidine was prolonged in hypoalbuminemic patients (Iirola et al., 2012). Nevertheless, in another study, Zhang et al. presented a shortened distribution half-life (3.2 ± 2.2 vs. 5.0 ± 3.6 min, P < 0001) and the diminished maximum concentration of dexmedetomidine (Cmax = 0.52 ± 0.10 vs. 0.66 ± 0.13 μg/mL, P < 0.01) in nine patients with mean plasma albumin levels of 28.6 ± 3.6 g/L compared to patients with normoalbuminemia. They also confirmed the previously stated significant increase in VdSS in those patients (7.18 ± 1.63 vs. 5.11 ± 1.12 L/kg, P < 0.001). The drug’s efficacy did not differ significantly between the groups in terms of blood pressure, heart rate and sedation effect measured by Ramsay sedation score. No serious adverse reactions were noted in any of the patients (Zhang et al., 2015).
3.7.5 Theophylline
Theophylline is a xanthine used in pulmonary diseases such as asthma or chronic obstructive pulmonary disease. It acts by relaxing smooth muscles and suppressing the reaction of the respiratory passages to external influences. Approximately 40% binds with proteins, mainly albumin. Nakura et al. conducted a study on rats that were given a single injection of 10 mg/kg of theophylline. The study reported that rats with hypoalbuminemia had an increased total clearance of theophylline. Furthermore, the concentration of unbound theophylline was almost identical to the total concentration and the volume of distribution significantly increased (Nakura et al., 1998). The research conducted on patients with hypoalbuminemia showed a decreased total concentration of theophylline in blood in comparison to patients with normal albumin levels. However, hypoalbuminemic patients had a higher unbound fraction (Zarowitz et al., 1985).
3.7.6 Warfarin
Warfarin is one of the most commonly used anticoagulants. It inhibits vitamin K, which prevents the activation of vitamin K - dependent coagulation factors. Approximately 99% of warfarin is bound with proteins in the blood, mainly with albumin. Piroli et al. presented the study comparing warfarin’s pharmacokinetics in a woman with idiopathic hypoalbuminemia with a group of healthy individuals. They found statistically significant differences: increased clearance and reduced half-life of plasma warfarin in the hypoalbuminemic patient. Also, the unbound fraction of warfarin was elevated (Dautzenberg et al., 2018). Other studies presented the correlation between lower albumin plasma concentration and higher incidence of international normalized ratio of prothrombin time (PT-INR) >3.0 and major bleeding events in patients with atrial fibrillation treated with warfarin (Kawai et al., 2019; Tincani et al., 2002). Thus, albumin may serve as a useful marker for monitoring the administration of warfarin and preventing supratherapeutic PT-INR levels, successively reducing the likelihood of adverse effects associated with the use of warfarin (Kawai et al., 2019; Fender and Dobrev, 2019).
3.7.7 Donepezil
Donepezil is a selective and reversible acetylcholinesterase inhibitor used in Alzheimer’s disease. Donepezil binds to protein molecules by 96%, and a significant pro-portion of this binding involves albumin, with approximately 75% of the drug binding to this protein. Patients with varying levels of albumin were studied, and it was found that those with low albumin levels showed a more positive response to treatment than those with high levels of albumin. Further research is required to determine the relationship between albumin concentration and treatment efficacy. However, it is im-portant to consider this factor while evaluating the topic (Rozzini et al., 2008).
3.7.8 Oncological drugs
Cancer patients are particularly vulnerable to hypoalbuminemia, a condition precipitated by various factors such as the increased release of proinflammatory cytokines and growth factors, which suppress albumin synthesis, alongside increased vascular permeability and deteriorated nutritional status. Despite the prevalence of hypoalbuminemia in oncology, there is a notable paucity of research examining its impact on pharmacokinetics and the free drug levels in this patient population. One of available studies was performed by Murdock et al. who retrospectively assessed the tolerability of oral anticancer therapies in hypoalbuminemic patients (Murdock et al., 2021). Many oncological agents, particularly tyrosine kinase inhibitors (TKIs), exhibit high protein-binding affinity, suggesting a potential for increased toxicity due to reduced plasma protein availability. Contrary to expectations, described study find no significant difference in the incidence of adverse effects between normoalbuminemic and hypoalbuminemic patients treated with a targeted oral oncolytic drug exhibiting >95% protein binding. However, hypoalbuminemic patients experienced a markedly higher rate of therapy discontinuation due to documented toxicities, potentially attributable to either more severe adverse effects or a compromised functional status in this cohort. Another study focusing on TKIs performed by J.Marini et al. examined larger group of patients – 220 – and their findings support those of Murdock’s–presence of hypoalbuminemia was associated with earlier and higher rate of TKIs discontinuation in comparison with normoalbuminemic patients (Marini et al., 2022). Other group of oncological drugs that gained great recognition in the treatment of particular cancer types are anti-programmed cell death receptor-1 monoclonal antibodies such as nivolumab. Findings from the study, assessing clinical and pharmacological parameters influencing nivolumab toxicity, performed by L. Hirsch et al. proved that hypoalbuminemia is associated both with–low nivolumab Cmin on day 14 – and increased risk of immune-related acute limiting toxicity (irALT) (Hirsch et al., 2020). The study however found no association between plasma Cmin and toxicity, what suggest that increased risk of irALT is not related to increased nivolumab plasma exposure. The principal limitation of the studies cited lies in their failure to measure free drug concentrations and assess pharmacokinetic alterations, which are critical for evaluating the safety and efficacy of oncological therapies in hypoalbuminemic states.
A related study by Arrieta et al. highlighted the heightened toxicity of intravenous chemotherapeutic agents, such as cisplatin (with >90% protein binding) and paclitaxel (89%–98% protein binding), in hypoalbuminemic patients with non-small cell lung cancer (NSCLC), compared to their normoalbuminemic counterparts (Arrieta et al., 2010). Findings from different study confirm that initial low albumin level before chemotherapy can affect plasma exposure of paclitaxel, so it is recommended to determine albumin level before drug administration to reduce occurrence and severity of adverse effects, such as myelosuppression (Fan et al., 2022). In hypoalbuminemia there is a higher unbound proportion of chemotherapeutic drugs and increased time of drug’s clearance causing delayed elimination–that may be reasons why patients with lower level of albumin developed more adverse reactions (Manasa et al., 2023). Binding to albumin is important for increasing drug concentration at the tumor target and improving their in vivo therapeutic efficacy, that is why albumin can stand as a promising biomaterial for chemotherapeutic drug delivery. Potentially, drugs can be synthesized as nanoparticles in conjugation with albumin, thus allowing more efficient delivery to the tumor site and prolonged blood circulation (Yu et al., 2022). Another solution to presented problem may be adding albumin to the treatment regimen, as it appears to be able to increase the binding of drug to albumin, therefore to increase half-life of circulating drug and its entry into cancer cells, making it useful way to modify treatment (Bagheri and Saboury, 2021).
3.7.8.1 Tyrosine kinase inhibitors
Regorafenib is an oral small-molecule tyrosine kinase inhibitor targeting vascular endothelial growth factor receptor, fibroblast growth factor receptor and platelet-derived growth factor receptor. It is approved for treatment of hepatocellular carcinoma (HCC), gastrointestinal stromal tumors (GIST) and colorectal cancer (CRC). In the study performed in 2024 the total concentration of regorafenib and its metabolites in hypoalbuminemic patients was determined to be below target plasma concentration ranges, what may contributed to shorter overall survival in the hypoalbuminemic group of patients. Possible explanation of this outcome is poorer nutritional status in this group and lower doses of regorafenib received. Monitoring concentration of regorafenib regularly is necessary to guide dose adjustment, however there is necessity for more research including measurement of free regorafenib concentration (Fujita et al., 2024).
Afatinib is a TKI targeting epidermal growth factor receptor (EGFR) and is used in the treatment of NSCLC. Study performed by T. Takahashi et al. evaluated relationship between afatinib plasma concentration and occurrence of adverse effects and proved that higher plasma concentration of afatinib induced adverse effects, so monitoring it may be useful in predicting side effects and improve patients’ quality of life Serum albumin level was however the only laboratory data showing a correlation with the plasma concentration of afatinib and it may offer an indicator of elevated exposure to afatinib. These findings are promising but further research targeting the relationship between serum afatinib concentration, and serum albumin is essential to predict possible dose reduction (Takahashi et al., 2021).
Pazopanib is an angiogenesis inhibitor targeting vascular endothelial growth factor receptor, platelet-derived growth factor receptor and c-KIT. Drug is approved for treatment of renal cell carcinoma and sarcoma. H. Tanaka et al. performed study to assess possibility of drug’s dose reduction to decrease occurrence of adverse effects. The main finding is that pazopanib dose is not significantly associated with pazopanib concentration, contrary to the level of albumin - dose of pazopanib can be reduced from 800mg to 400 mg (while maintaining the Cmin) if albumin level is within normal range (Tanaka et al., 2020). Different study assessed impact of albumin level on free pazopanib concentration and proved that lower albumin level indicate higher unbound fraction of the drug. However there were no statistically significant differences between free drug concentration in the range of plasma albumin levels of 29–44 g/L. The effect of varying albumin levels on unbound fraction of pazopanib in patient plasma would need to be further investigated using a larger sample size with wider albumin range for it to be meaningful (Toh et al., 2020).
Imatinib is a small-molecule TKI targeting BCR-ABL fusion protein, KIT and PDGFR that was first developed for the treatment of chronic myeloid leukemia (CML), but currently is also used in the treatment of GISTs. Study performed by H Xu et al. proved that patients with higher blood imatinib concentrations are more likely to develop thrombocytopenia and higher protein levels in the body can significantly reduce the concentrations of free imatinib, affecting their pharmacological effects (Xu and Liu, 2021). More research assessing pharmacokinetics of imatinib is needed, but this study indicates that protein level can be used to predict occurrence of serious adverse effects.
3.7.9 Albuminemia in the design of long-acting drugs
Various ligands binding to albumin have been identified to use albumin as a carrier for drugs–such as small molecules, peptides, proteins. Some of them–domain antibodies or small molecules–extended the half-life of substrates otherwise rapidly cleared by renal filtration. Using fatty acids as albumin tags was also investigated, resulting in approval of Insulin detemir–being the first protein modified by fatty acid. Insulin degludec is the latest generation of albumin binding insulin modified by fatty acids. Increasing half-life of insulin is possible due to primarily subcutaneous application, with a small increase in intravenous half-life because of albumin binding. (Knudsen and Lau, 2019).
Glucagon-like peptide-1 (GLP-1) is a 30 amino acid peptide hormone with a short halflife - 1.5 min following intravenous dosing and 1.5 h following subcutaneous dosing in humans. Semaglutide, a GLP-1 receptor agonist, is primarily utilized in the management of type 2 diabetes. In addition to its glycemic control properties, clinical trials have demonstrated its efficacy in reducing glycated hemoglobin levels and promoting weight loss. Semaglutide exhibits high plasma protein binding, with approximately 99% bound to albumin. This extensive protein binding significantly contributes to its prolonged half-life of approximately 1 week, allowing for convenient once-weekly dosing regimens (Tan et al., 2021). A study conducted by Jensen et al. investigated the pharmacokinetic profile of semaglutide in patients with hypoalbuminemia secondary to hepatic impairment (Jensen et al., 2018). The findings indicated that the maximum concentration (Cmax) of semaglutide was not significantly affected by hepatic impairment or reduced albumin levels. These results suggest that dosage adjustments for semaglutide may not be necessary in patients with hepatic impairment. Liraglutide–another GLP-1 agonist is administered once daily. It was achieved by preparing analogs that could bind to albumin in reversible manner and protect peptide from degradation and renal filtration. Use of palmitate with a γGlu linker was optimal to achieve an appropriate in vivo protraction without compromising receptor potency (Knudsen and Lau, 2019).
4 CONCLUSION
Adjustment of drug dosage is necessary especially in conditions such as: nephrotic syndrome, cirrhosis or sepsis where hypoalbuminemia is prevalent. The results of studies emphasize the need for individualized dosing regimens based on TDM to optimize drug therapy, avoiding subtherapeutic or toxic drug levels in patients with hypoalbuminemia. The review outlines changes in the pharmacokinetic parameters observed in hypoalbuminemia that are summarized in Table 1 which can be treated as a guide for clinicians. There are, however several limitations of the review including: reliance on the studies with small sample sizes, little amount of studies measuring free drug concentration and lack of data on the impact of hypoalbuminemia of many drugs. There is a need to conduct future research focusing on measurement of free drug concentrations–especially of novel therapeutic agents, such as biologic treatment or immunotherapies, and to understand long-term effects of hypoalbuminemia and altered pharmacokinetics on patient outcomes.
TABLE 1 | Changes in pharmacokinetic parameters in hypoalbuminemia.
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GLOSSARY
ABiC albumin binding capacity
ARC augmented cretinine clearance
AIDS acute immunodeficiency syndrome
AUC are under curve
CL clearance
Cmax peak concentration
Cmin minimum concentration
CML chronic myeloid leukemia
COX cyclooxygenase
CRC colorectal cancer
CsA cyclosporine A
CSF cerebrospinal fluid
DBP vitamin D binding globulin
eCLcr estimated creatinine clearance
EGFR epidermal growth factor receptor
ER extraction ratio
fT > MIC percent of time free drug concentration remains above the minimum inhibitory concentration
GIST gastro-intestinal stromal tumor
GLP-1 glucagon like peptide 1
HCC hepatocellular carcinoma
HDL high density lipoprotein
HIV human immunodeficiency virus
HMG-CoA hydroxy methylo-glutarylo coenzyme A
IE infective endocarditis
IMPDH inosine monophosphate dehydrogenase
irALT immune related acute limiting toxicity
ITZ itraconazole
LDL low density lipoprotein cholesterol
MIC minimum inhibitory concentration
MMF mycophenolate mofetil
MPA mycophenolate acid
MRSA meticilin resistant staphylococcus aureus
MTX methotrexate
NR normal range
NS nephrotic syndrome
NSAIDs non steroidal anti-inflammatory drugs
NSCLC non-small cell lung cancer
PAE post antibiotic effect
PHT phenytoin
PT prothrombin time
PTA probability of target attainment
RRT renal replacement therapy
SAP severe acute pancreatitis
TDM therapeutic drug monitoring
TKI tyrosine kinase inhibitor
tVPA total valproic acid serum concentration
Vd volume distribution
VDss the steady state volume of distribution
VPA valproic acid
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