
1 

 

Molecular determinants of vascular transport of dexamethasone in COVID-19 

therapy 

Ivan G. Shabalin1, Mateusz P. Czub1, Karolina A. Majorek1,†, Dariusz Brzezinski1,2,3, Marek 

Grabowski1, David R. Cooper1, Mateusz Panasiuk4, Maksymilian Chruszcz5, Wladek Minor1,* 

 5 

1Department of Molecular Physiology and Biological Physics, University of Virginia, 1340 

Jefferson Park Avenue, Charlottesville, VA 22908, USA. 

2Center for Biocrystallographic Research, Institute of Bioorganic Chemistry, Polish Academy of 

Sciences, 61-704 Poznan, Poland. 

3Institute of Computing Science, Poznan University of Technology, 60-965 Poznan, Poland. 10 

4Medical University of Bialystok, Department of Clinical Medicine, 15-089 Bialystok, Poland. 

5Department of Chemistry and Biochemistry, University of South Carolina, Columbia, South 

Carolina, 29208, USA. 

†Present address: The Beatson Institute for Cancer Research, Glasgow G61 1BD, United 

Kingdom. 15 

 

*Correspondence to: wladek@iwonka.med.virginia.edu 

 

Abstract: Dexamethasone, a widely used corticosteroid, has recently been reported as the first 

drug to increase the survival chances of patients with severe COVID-19. Therapeutic agents, 20 

including dexamethasone, are mostly transported through the body by binding to serum albumin. 

Herein, we report the first structure of serum albumin in complex with dexamethasone. We show 

that it binds to Drug Site 7, which is also the binding site for commonly used nonsteroidal anti-

inflammatory drugs and testosterone, suggesting potentially problematic binding competition. 

This study bridges structural findings with our analysis of publicly available clinical data from 25 

Wuhan and suggests that an adjustment of dexamethasone regimen should be considered for 

patients affected by two major COVID-19 risk-factors: low albumin levels and diabetes. 

 

One Sentence Summary: Structure of serum albumin with dexamethasone reveals why the drug 

may not always help COVID-19 patients. 30 

 

Introduction  

On June 16 2020, collaborators in the RECOVERY Trial (Randomized Evaluation of COVID-19 

Therapy) reported that a daily dose of 6 mg dexamethasone reduced deaths among COVID-19 

patients receiving respiratory interventions (1, 2). This widely available steroid has been shown 35 

to cut deaths by approximately 30% for patients who were on ventilators and 20% for those who 

were receiving oxygen therapy but were not on ventilators. Dexamethasone is a corticosteroid 

exhibiting potent anti-inflammatory and immunosuppressant effects. Since the 1960s, it has been 

used to treat many conditions, including severe pneumonia, rheumatic problems, skin diseases, 
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severe allergies, asthma, chronic obstructive lung disease, brain swelling, and many others (3, 4). 

Dexamethasone suppresses the immune system by stimulating the glucocorticoid receptor, thus 

providing some relief for patients whose lungs are devastated by an overactive immune response 

that accompanies severe cases of COVID-19, but no benefit for those patients who did not 

require respiratory support (5). Along with anti-inflammatory action, steroids can also reduce 5 

airway spasm and obstruction in patients who have asthma or chronic obstructive pulmonary 

disease – groups of patients of especially high risk (6). In the RECOVERY trial, the therapeutic 

effect of dexamethasone appeared to depend on “using the right dose, at the right time, in the 

right patient” (5). However, there is another important factor which might have influenced the 

effectiveness of dexamethasone: its vascular transport. 10 

Dexamethasone is primarily delivered throughout the body by serum albumin; about 77% 

of dexamethasone in blood is bound to plasma proteins, mostly to SA (4). Serum albumin has a 

typical blood concentration of 35-55 g/L (600 μM) and constitutes up to 55% of total plasma 

proteins (7). During its month-long lifetime, an albumin molecule makes nearly 15,000 trips 

around the body, facilitating vascular transport of hormones, metals, fatty acids, and drugs (8). 15 

The extensive drug-binding capacity of albumin is enabled by its high concentration and by the 

presence of at least 10 distinct drug-binding sites on the molecule (9). Preferred binding sites on 

albumin are known only for 32 drugs, including ibuprofen, warfarin, cetirizine, naproxen, 

diazepam, etodolac, and halothane (9). The binding capacity of albumin can be affected by 

several factors, and the inconsistent therapeutic action of dexamethasone on COVID-19 may be 20 

partially explained by differences in its vascular transport. Herein, we report the molecular 

structure of albumin in complex with dexamethasone, provide new insights into the mechanism 

of its transport, and discuss how compromised vascular transport of dexamethasone may limit its 

effectiveness in COVID-19 therapy. 

Structure of serum albumin in complex with dexamethasone  25 

The crystal structure of equine serum albumin (ESA) in complex with dexamethasone was 

determined at 2.4 Å resolution (Table S1). The overall fold of albumin in this structure is 

essentially identical to previously published structures of human serum albumin (HSA) and ESA 

(Table S2). The electron density maps clearly indicate one dexamethasone molecule bound in 

Drug Site 7 (DS7), which is located in domain II, between subdomains IIA and IIB (Fig. 1) The 30 

drug site number is according to the recently expanded nomenclature (9), which was built upon 

previously used site names (10, 11).  

 

 

 35 
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Figure 1. The overall structure of the ESA-dexamethasone complex. The electron density observed for 

dexamethasone in DS7 is shown as green mesh (mFo−DFc map, calculated after ten refinement cycles without the 

ligand, RMSD 2.5). Albumin subdomains are shown in different colors and labeled with Roman numerals and letters 

(e.g., IA). The dexamethasone molecule is shown in stick representation with carbon atoms in yellow, oxygen atoms 5 

in red and fluoride atom in cyan. The chemical structure of dexamethasone is displayed in the same orientation as 

the stick representation. The electron density, including the omit maps, and the model can be inspected interactively 

at https://molstack.bioreproducibility.org/project/view/gmvG1L8c66YgPpgqS0Zm/  

Fifteen residues are found within 5 Å of dexamethasone molecule (Fig. S1): Arg208, 

Ala209, Lys211, Ala212, Val215, Asp323, Leu326, Gly327, Leu330, Leu346, Arg347, Ala349, 10 

Lys350, Glu353, and Ala481 (corresponds to Val482 in HSA). Side-chains of residues Ala212, 

Val215, Leu326, Leu330, Leu346, Ala349, and the hydrophobic part of Lys350 form a mostly 

hydrophobic surface at the inner side of the binding cavity, towards which the most hydrophobic 

part of dexamethasone molecule is oriented (Fig. 2A). The cavity is partially separated from the 

solvent by a strong salt bridge between Arg208 and Asp323, which bridges the IIA and IIB 15 

subdomains. In addition to the hydrophobic interactions, the drug molecule is stabilized by two 

hydrogen bonds: O2 hydroxyl group with NH2 atom of Arg208 and O3 hydroxyl group with the 

main chain oxygen of Arg208. In comparison, dexamethasone forms six hydrogen bonds with 

the glucocorticoid receptor (12). The significantly higher number of hydrogen bonds to the target 

of its action (the glucocorticoid receptor) than to the transport protein (albumin) is reflected in 20 

the respective binding constants: dexamethasone dissociation constant to HSA is 58.8 µM (13), 

which is four orders of magnitude higher than that to the glucocorticoid receptor – 4.6 nM (14). 

A high sequence identity/similarity between HSA and ESA (76.1%/86.2%) results in 

similar drug-binding properties of these albumins. Moreover, DS7 is classified as one of the most 

conserved drug-binding sites between ESA and HSA (9). For example, the residue conservation 25 

in this site was shown to result in similar testosterone-binding properties of this site in albumin 

from both species (15). Similarly, 14 out of 15 residues involved in dexamethasone binding to 

ESA are conserved in HSA (Fig. S1). Only one residue is different: Ala481 in ESA corresponds 

to Val in HSA. This small hydrophobic-for-hydrophobic difference is unlikely to affect 

dexamethasone binding in HSA because it is a kind-for-kind change that does not introduce any 30 
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clashes with the ligand (Supplementary text). Therefore, the conservation of amino acid 

residues in DS7, which leads to essentially identical hydrophobic environments, suggests that 

dexamethasone binds to HSA in the same site as in ESA. This conclusion is supported by the 

previously reported spectroscopic studies of dexamethasone binding by HSA and BSA, which 

predicted that dexamethasone binds to the hydrophobic pocket around Trp214 inside the IIA 5 

subdomain (13). In our ESA-dexamethasone structure, the distance between dexamethasone and 

the indole ring of Trp214 is about 12 Å. 

 

 
Figure 2. Hydrophobicity of Drug Site 7 and potential competition between dexamethasone and other drugs. 10 
(A) Dexamethasone bound to ESA. The color scheme for the protein surface is as follows: gray for the contribution 

from carbon atoms, red for oxygen atoms, and blue for nitrogen atoms. The link covering the cavity is formed by 

salt bridge between Arg208 and Asp323 and is transparent on all panels for clarity. (B) Superposition of the serum 

albumin complexes with all of the FDA-approved drugs known to bind to DS7: dexamethasone (PDB ID: 6XK0), 

ibuprofen (PDB ID: 2BXG), diflunisal (PDB ID: 2BXE), cetirizine (PDB ID: 5DQF), testosterone (PDB ID: 15 

6MDQ), halothane (PDB ID: 1E7B), naproxen (PDB ID: 4ZBR), 6-MNA (PDB ID: 6U5A), diclofenac (PDB ID: 

6HN0), and etodolac (PDB ID: 5V0V). (C) Superposition of the ESA-dexamethasone (PDB ID: 6XK0) and ESA-

testosterone (PDB ID: 6MDQ) structures. Dexamethasone and testosterone largely overlap at DS7. Both steroids are 

shown in stick representation with oxygen atoms in red; dexamethasone is shown with carbon atoms in yellow and 

fluoride atom in cyan, while testosterone is shown with carbon atoms in green.  20 
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Competing compounds and albumin glycation may impair dexamethasone binding  

Drug Site 7 has been structurally characterized for human, equine, bovine, ovine, caprine, and 

leporine albumin, and has been shown to bind testosterone, several nonsteroidal anti-

inflammatory drugs (diclofenac, diflunisal, etodolac, ibuprofen, naproxen, and 6-MNA), 

cetirizine, and the general anesthetic halothane (9). The site is formed by a large cavity, and 5 

some of the drugs shown to bind there occupy slightly different, yet overlapping, locations 

within the site (Fig. 2B). Multiple drugs binding in the same binding site may result in drug-drug 

displacement: a drug may be displaced by another drug administered at a high concentration. The 

increase in the free fraction of the displaced drug results in its decreased half-life and potential 

toxicity (16, 17), which is especially concerning for drugs whose margins of safety are small 10 

(17). Although albumin is a major drug transporting protein, structures of its complexes with 

only 32 FDA-approved drugs have been determined so far (9), and it is unknown which drugs 

used in COVID-19 treatment would compete with dexamethasone. For example, colchicine 

(Colcrys), one of the drugs tested for effectiveness in COVID-19 patients, and theophylline 

(Elixophyllin), which is used in asthma and chronic obstructive pulmonary disease, have narrow 15 

therapeutic ranges and in the blood bind to albumin in 40% (18–20) but their binding sites are 

unknown. Therefore, there is an urgent need for mapping albumin binding sites for most 

commonly prescribed drugs. Currently available structural data suggest potential competition 

between dexamethasone and drugs that bind to DS7 (Fig. 2B), some of which were already 

reported to affect the way dexamethasone works (21, 22). 20 

Similarly, dexamethasone overlaps with the testosterone molecule (Fig. 2C), which is the 

only steroid for which a structure of a complex with albumin has been determined (15). 

Testosterone is suspected of playing a critical role in driving the pronounced excess of COVID-

19 lethality in male patients (23), and low testosterone levels predict adverse clinical outcomes 

(24). Critically ill male COVID-19 patients suffer from severe testosterone deficiency, which 25 

may or may not be caused by the disease. Dexamethasone competition with testosterone for the 

same binding site may further exacerbate the effect of low testosterone by affecting its transport, 

especially if high doses of dexamethasone are administered. 

Moreover, the location of dexamethasone binding site suggests that dexamethasone 

transport may be affected by glycation of albumin observed in diabetic patients.  Diabetes is one 30 

of the major risk-factors in COVID-19: 25.7% of males and 20% of females among admitted 

patients in one study had type-II diabetes (25). From the perspective of blood drug transport, 

diabetes presents an additional challenge due to glycation of drug-binding sites on albumin. 

Glycation, which is significantly increased in diabetic patients due to the elevated blood glucose 

levels, alters albumin drug-binding ability. Four residues in DS7 can be glycated; among them, 35 

glycation of Arg208 is likely to prevent drug binding in this site due to potential steric clashes 

and disruption of the binding site by elimination of the Arg208-Asp323 salt bridge 

(Supplementary text), thus decreasing albumin binding capacity for dexamethasone. 

Albumin and glucose levels of COVID-19 patients 

We have analyzed the albumin levels of COVID-19 patients admitted to Tongji Hospital, 40 

Wuhan, China between January 10 and February 18, 2020 (26). Out of 373 patients (222 males, 

151 females), 174 died and 199 survived. The high mortality rate seen in this cohort (46.6%) 

stems from the fact that Tongji Hospital admitted a high rate of severe cases in Wuhan (26). The 

albumin levels for both outcome groups were first positively tested for normality using Q-Q plots 
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(Fig. S2) and the Kolmogorov-Smirnov test (WDied=0.995, WSurvived=0.991). The difference 

between mean albumin levels was found to be statistically significant according to Welch’s t-test 

(p < 0.001) and showed that patients that died were associated with much lower albumin levels 

(µDied=27.8 g/L) than those that survived (µSurvived=36.8 g/L). The unadjusted odds ratio of 

surviving COVID-19 for albumin was 1.56 (95% CI: 1.44–1.71, p < 0.001), whereas the odds 5 

ratio adjusted for gender, age, and glucose level was 1.51 (95% CI: 1.37–1.69, p < 0.001); 

detailed odds ratios for both models are presented in Table S3. This means that each 1 g/L 

increase in the patient’s albumin level was associated with 50% increased odds of surviving 

COVID-19. Other studies (Table S4) linked low levels of albumin with poor outcomes in 

COVID-19 (27–29), but they did not provide supporting blood sample data that would allow full, 10 

time-series analyses of relations between different risk-factors and patient survival rate. Figure 3 

shows patient albumin levels in relation to the outcome, gender, time since admission, age, and 

glucose level. 

 

 15 
Figure 3. Albumin levels of 373 patients from Tongji Hospital, Wuhan, China, admitted between January 10 

and February 18, 2020. (A) Violin strip charts of final albumin levels for patients that died (red) and survived 

(blue), grouped by gender; means and standard deviations overlaid. (B) Logistic regression showing the difference 

between the probability of death for men (teal) and women (purple), at different albumin levels. (C) Line plots 

presenting each patient’s albumin level over several blood samples taken during their time in the hospital; median 20 

linear regression line between the first and last blood samples for each outcome group overlaid. (D) Scatter plot 

presenting the relation between albumin level and age. (E) Scatter plot presenting the relation between final albumin 

and glucose levels. Source data from (26). 

 

 25 

 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/


7 

 

The majority of patients that died of COVID-19 had albumin levels not only lower than 

the patients that survived but also below the normal range, which is usually defined as 35-55 g/L 

(7). There is also a difference between the mortality rate among males (56.8%) and females 

(31.8%). Even though albumin level distributions for both genders have similar shapes, the 

proportions of survivors were not the same (Fig. 3A). The adjusted odds ratio for surviving if a 5 

patient was female was 2.19 (95% CI: 1.04–4.72, p < 0.05), however the differences in survival 

chances corresponded mainly to high albumin levels (Fig. 3B). This means that very low 

albumin levels were a strong predictor of death, regardless of gender. Moreover, the albumin 

levels of patients varied during their hospital stay (Fig. 3C). The correlation between admission 

and outcome levels was statistically significant only for patients that died (rDied=-0.22, p < 0.001; 10 

rSurvived=-0.07, p = 0.176), which indicates that patients that died from COVID-19 suffered a 

decrease of albumin levels during their hospital stay. Furthermore, age was also a risk factor 

(Fig. 3D), with each year decreasing the odds of survival by 8% (odds ratio: 0.92, CI 95%: 0.89–

0.94, p < 0.001). Finally, it can be noticed that high glucose levels were also a significant risk 

factor (Fig. 3E). The adjusted odds ratio of surviving COVID-19 for glucose was 0.89 (CI 95%: 15 

0.81–0.96, p < 0.001), which means that every 1 mmol/L increase of glucose level was 

associated with 12% lower odds of surviving. This finding is in agreement with previous studies 

that have shown that diabetes, which is associated with high glucose levels, is another COVID-

19 risk-factor (25). 

 The role of serum albumin and its blood level in COVID-19 are not yet completely 20 

understood. Association of low albumin with poor outcomes is not unique to COVID-19: low 

levels are associated with inflammation (30), cancer (31), and are generally regarded as 

detrimental in many medical conditions (32). Hypoalbuminemia at triage has been found to 

predict increased 30-day mortality among all acutely admitted hospital patients (33) and to be a 

risk factor for Acute Respiratory Distress Syndrome (ARDS) (28). One potential cause for low 25 

albumin levels in these COVID-19 cases is prior comorbidities, such as malnutrition or liver 

disease, which predispose an affected patient to a more severe course of the illness. A second 

potential cause is that albumin levels decrease with age (Fig. 3D) (34). Lastly, it is possible that 

the disease itself can decrease albumin levels, e.g., by damaging the liver and impacting albumin 

production due to the virus attacking bile ducts and possibly other hepatic cells (35) or by 30 

hepatotoxicity of a COVID-19-induced cytokine storm (36). Our analysis shows only a minor 

albumin decline in patients that died (Fig. 3C), suggesting that this cause is unlikely to be a 

major one. However, it cannot be excluded that a significant drop in albumin levels happened in 

the early stages of COVID-19, prior to the patients’ admission to the hospital. This may have 

happened in Tongji Hospital, which admitted mostly severely ill patients. In any case, albumin 35 

levels may serve as a reliable predictor of COVID-19 severity. Serum albumin infusion aimed at 

correcting hypoalbuminemia, as used in severe liver damage, should be considered for COVID-

19 patients (37, 38). 

Dexamethasone effectiveness on COVID-19 may be affected by hypoalbuminemia, drug-

drug displacement, and diabetes  40 

Our analysis of structural and clinical data demonstrates that serum albumin plasma level, 

competing drugs, and albumin glycation are important clinical variables that may influence the 

effectiveness of dexamethasone in treating COVID-19 patients. Each of these three faсtors 

decreases albumin’s binding capacity, which can have two adverse implications on 

dexamethasone blood transport: shorter half-life of the drug and a potential toxicity at its peak 45 
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concentration. Average half-life of dexamethasone in pneumonia patients was reported to be 6.9 

hours for 6 mg oral administration and 9.0 hours for 4 mg intravenous injection (39). Because 

albumin acts as a storage of drugs, the reduced binding capacity is likely to result in shorter half-

life of dexamethasone, decreasing its therapeutic action. Moreover, reduced binding capacity 

increases the risk of dexamethasone toxicity because the maximum concentration of unbound 5 

dexamethasone increases. Side effects of dexamethasone are common, and low albumin levels 

has been observed to significantly increase the risk of its toxicity (40, 41). Therefore, clinicians 

should consider a modified dexamethasone regimen in COVID-19 treatment when: 1) patients 

suffer from hypoalbuminemia, 2) co-administered drugs compete with dexamethasone for DS7, 

and 3) DS7 is compromised by glycation due to diabetes. Notably, the presence of all three of 10 

these conditions may have a strong compounding effect. Dexamethasone regimen modifications 

could involve adjusting for patient’s weight and/or splitting the daily dose into multiples to 

achieve sufficient plasma concentration of dexamethasone over time while reducing possible 

peak toxicity, especially if higher than 6 mg doses are used (42). In other words, we call to 

flatten the dexamethasone concentration curve. Another feasible way of bypassing the limitations 15 

of vascular transport of dexamethasone would be to administer it via inhalers (43); it has been 

suggested that such steroid use may play a protective role in reducing vulnerability to COVID-19 

(44). Once albumin levels of patients in the RECOVERY trial are released, a further analysis 

should be performed to establish whether there is a correlation between the effectiveness of 

dexamethasone intervention and hypoalbuminemia, drug co-administration, and serum albumin 20 

glycation.   

Conclusions 

The presented molecular analysis of the binding of dexamethasone to serum albumin in 

combination with the risk-factors identified from clinical data offer promising strategies for 

maximizing dexamethasone effectiveness in the treatment of severe COVID-19. Adjusting the 25 

dexamethasone regimen may be necessary for patients with hypoalbuminemia, diabetes, or co-

administration of large doses of drugs that bind to Drug Site 7. Moreover, oral inhalers should be 

evaluated as a better route of dexamethasone administration, which avoids the limitations of 

vascular transport. Our analysis also strengthens the case for the evaluation of albumin infusion 

aimed at correction of hypoalbuminemia. Guidelines for treatment of COVID-19 are still rapidly 30 

emerging and will remain critical even after a vaccine is developed, and dexamethasone will 

likely play a part in that treatment. 

References 

1.  H. Ledford, Coronavirus breakthrough: dexamethasone is first drug shown to save lives. 

Nature. 582, 469–469 (2020). 35 

2.  Oxford University News Release: Low-cost dexamethasone reduces death by up to one 

third in hospitalised patients with severe respiratory complications of COVID-19, 

(available at 

https://www.recoverytrial.net/files/recovery_dexamethasone_statement_160620_v2final.p

df, accessed 06.24.2020). 40 

3.  C. Yuanjing, K. Li, H. Pu, T. Wu, in Cochrane Database of Systematic Reviews, T. Wu, 

Ed. (John Wiley & Sons, Ltd, Chichester, UK, 2009; 

http://doi.wiley.com/10.1002/14651858.CD007720). 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/


9 

 

4.  Drugbank: dexamethasone entry, (available at https://www.drugbank.ca/drugs/DB01234, 

accessed 06.24.2020). 

5.  M. J. L. Peter Horby, Wei Shen Lim, Jonathan Emberson, Marion Mafham, Jennifer Bell, 

Louise Linsell, Natalie Staplin, Christopher Brightling, Andrew Ustianowski, Einas 

Elmahi, Benjamin Prudon, Christopher Green, Timothy Felton, David Chadwick, 5 

Kanchan Rege, Christ, Effect of Dexamethasone in Hospitalized Patients with COVID-19 

– Preliminary Report. medRxiv (2020), doi:https://doi.org/10.1101/2020.06.22.20137273. 

6.  A. Alangari, Corticosteroids in the treatment of acute asthma. Ann. Thorac. Med. 9, 187 

(2014). 

7.  N. Rifai, Tietz Textbook of Clinical Chemistry and Molecular Diagnostics (Saunders, St. 10 

Louis, MO, USA, ed. 6th, 2018). 

8.  T. J. T. Peters, All About Albumin: Biochemistry, Genetics, and Medical Applications 

(Academic Press, San Diego, CA, USA, CA, ed. 1st, 1995). 

9.  M. P. Czub, K. B. Handing, B. S. Venkataramany, D. R. Cooper, I. G. Shabalin, W. 

Minor, J. Med. Chem., in press, doi:10.1021/acs.jmedchem.0c00225. 15 

10.  K. B. Handing, I. G. Shabalin, K. Szlachta, K. A. Majorek, W. Minor, Crystal structure of 

equine serum albumin in complex with cetirizine reveals a novel drug binding site. Mol. 

Immunol. 71, 143–151 (2016). 

11.  F. Zsila, Subdomain IB Is the Third Major Drug Binding Region of Human Serum 

Albumin: Toward the Three-Sites Model. Mol. Pharm. 10, 1668–1682 (2013). 20 

12.  J. W. Raynor, W. Minor, M. Chruszcz, Dexamethasone at 119 K. Acta Crystallogr. Sect. 

E Struct. Reports Online. 63, o2791–o2793 (2007). 

13.  P. N. Naik, S. A. Chimatadar, S. T. Nandibewoor, Interaction between a potent 

corticosteroid drug – Dexamethasone with bovine serum albumin and human serum 

albumin: A fluorescence quenching and fourier transformation infrared spectroscopy 25 

study. J. Photochem. Photobiol. B Biol. 100, 147–159 (2010). 

14.  D. W. Ray, C.-S. Suen, A. Brass, J. Soden, A. White, Structure/Function of the Human 

Glucocorticoid Receptor: Tyrosine 735 Is Important for Transactivation. Mol. Endocrinol. 

13, 1855–1863 (1999). 

15.  M. P. Czub, B. S. Venkataramany, K. A. Majorek, K. B. Handing, P. J. Porebski, S. R. 30 

Beeram, K. Suh, A. G. Woolfork, D. S. Hage, I. G. Shabalin, W. Minor, Testosterone 

meets albumin - the molecular mechanism of sex hormone transport by serum albumins. 

Chem. Sci. 10, 1607–1618 (2019). 

16.  A. Sułkowska, B. Bojko, J. Równicka, W. Sułkowski, Competition of drugs to serum 

albumin in combination therapy. Biopolymers. 74, 256–62 (2004). 35 

17.  J. C. McElnay, P. F. D’Arcy, Protein binding displacement interactions and their clinical 

importance. Drugs. 25, 495–513 (1983). 

18.  Colchicine Patient Information Leaflet, (available at 

https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/022352s017lbl.pdf [accessed 

06.25.2020]). 40 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/


10 

 

19.  Colchicine entry in DrugBank, (available at https://www.drugbank.ca/drugs/DB01394 

[accessed 06.25.2020]). 

20.  Theophylline entry in DrugBank, (available at https://www.drugbank.ca/drugs/DB00277 

[accessed 06.25.2020]). 

21.  Dexamethasone entry on Drugs.com, (available at 5 

https://www.drugs.com/monograph/dexamethasone.html [accessed 07.02.2020]). 

22.  Dexamethasone Patient Information Leaflet, (available at 

https://www.medicines.org.uk/emc/files/pil.5411.pdf [accessed 07.03.2020]). 

23.  P. Pozzilli, A. Lenzi, Commentary: Testosterone, a key hormone in the context of 

COVID-19 pandemic. Metabolism. 108, 154252 (2020). 10 

24.  V. A. Giagulli, E. Guastamacchia, T. Magrone, E. Jirillo, G. Lisco, G. De Pergola, V. 

Triggiani, Andrology, in press, doi:10.1111/andr.12836. 

25.  G. G. Maria Schroeder, Berfin Tuku, Dominik Jarczak, Axel Nierhaus, Tian Bai, Henning 

Jacobsen, Martin Zickler, Zacharias Mueller, Stephanie Stanelle-Bertram, Andreas 

Meinhardt, Jens Aberle, Stefan Kluge, The majority of male patients with COVID-19 15 

present low testosterone levels on admission to Intensive Care in Hamburg, Germany: a 

retrospective cohort study., doi:10.1101/2020.05.07.20073817. 

26.  L. Yan, H.-T. Zhang, J. Goncalves, Y. Xiao, M. Wang, Y. Guo, C. Sun, X. Tang, L. Jing, 

M. Zhang, X. Huang, Y. Xiao, H. Cao, Y. Chen, T. Ren, F. Wang, Y. Xiao, S. Huang, X. 

Tan, N. Huang, B. Jiao, C. Cheng, Y. Zhang, A. Luo, L. Mombaerts, J. Jin, Z. Cao, S. Li, 20 

H. Xu, Y. Yuan, An interpretable mortality prediction model for COVID-19 patients. Nat. 

Mach. Intell. 2, 283–288 (2020). 

27.  G. Chen, D. Wu, W. Guo, Y. Cao, D. Huang, H. Wang, T. Wang, X. Zhang, H. Chen, H. 

Yu, X. Zhang, M. Zhang, S. Wu, J. Song, T. Chen, M. Han, S. Li, X. Luo, J. Zhao, Q. 

Ning, Clinical and immunological features of severe and moderate coronavirus disease 25 

2019. J. Clin. Invest. 130, 2620–2629 (2020). 

28.  C. Wu, X. Chen, Y. Cai, J. Xia, X. Zhou, S. Xu, H. Huang, L. Zhang, X. Zhou, C. Du, Y. 

Zhang, J. Song, S. Wang, Y. Chao, Z. Yang, J. Xu, X. Zhou, D. Chen, W. Xiong, L. Xu, 

F. Zhou, J. Jiang, C. Bai, J. Zheng, Y. Song, Risk Factors Associated With Acute 

Respiratory Distress Syndrome and Death in Patients With Coronavirus Disease 2019 30 

Pneumonia in Wuhan, China. JAMA Intern. Med. (2020), 

doi:10.1001/jamainternmed.2020.0994. 

29.  M. G.-F. Roberto de la Rica, Marcio Borges, Maria Aranda, Alberto del Castillo, Antonia 

Socias, Antoni Payeras, Gemma Rialp, Lorenzo Socias, Lluis Masmiquel, Low albumin 

levels are associated with poorer outcomes in a case series of COVID-19 patients in 35 

Spain: a retrospective cohort study. medRxiv, doi:10.1101/2020.05.07.20094987. 

30.  P. B. Soeters, R. R. Wolfe, A. Shenkin, Hypoalbuminemia: Pathogenesis and Clinical 

Significance. J. Parenter. Enter. Nutr. 43, 181–193 (2019). 

31.  B. Nazha, Hypoalbuminemia in colorectal cancer prognosis: Nutritional marker or 

inflammatory surrogate? World J. Gastrointest. Surg. 7, 370 (2015). 40 

32.  A. Gatta, A. Verardo, M. Bolognesi, Hypoalbuminemia. Intern. Emerg. Med. 7, 193–199 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/


11 

 

(2012). 

33.  M. E. Jellinge, D. P. Henriksen, P. Hallas, M. Brabrand, Hypoalbuminemia Is a Strong 

Predictor of 30-Day All-Cause Mortality in Acutely Admitted Medical Patients: A 

Prospective, Observational, Cohort Study. PLoS One. 9, e105983 (2014). 

34.  G. Weaving, G. F. Batstone, R. G. Jones, Age and sex variation in serum albumin 5 

concentration: an observational study. Ann. Clin. Biochem. 53, 106–111 (2016). 

35.  Z. Xu, L. Shi, Y. Wang, J. Zhang, L. Huang, C. Zhang, S. Liu, P. Zhao, H. Liu, L. Zhu, Y. 

Tai, C. Bai, T. Gao, J. Song, P. Xia, J. Dong, J. Zhao, F.-S. Wang, Pathological findings 

of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir. Med. 8, 

420–422 (2020). 10 

36.  W. Huang, C. Li, Z. Wang, H. Wang, N. Zhou, J. Jiang, L. Ni, X. A. Zhang, D.-W. Wang, 

Decreased serum albumin level indicates poor prognosis of COVID-19 patients: hepatic 

injury analysis from 2,623 hospitalized cases. Sci. China Life Sci. (2020), 

doi:10.1007/s11427-020-1733-4. 

37.  R. Garcia-Martinez, P. Caraceni, M. Bernardi, P. Gines, V. Arroyo, R. Jalan, Albumin: 15 

Pathophysiologic basis of its role in the treatment of cirrhosis and its complications. 

Hepatology. 58, 1836–1846 (2013). 

38.  P. Mani Mishra, V. N. Uversky, C. K. Nandi, Serum albumin-mediated strategy for the 

effective targeting of SARS-CoV-2. Med. Hypotheses. 140, 109790 (2020). 

39.  S. M. C. Spoorenberg, V. H. M. Deneer, J. C. Grutters, A. E. Pulles, G. P. P. Voorn, G. T. 20 

Rijkers, W. J. W. Bos, E. M. W. van de Garde, Pharmacokinetics of oral vs . intravenous 

dexamethasone in patients hospitalized with community-acquired pneumonia. Br. J. Clin. 

Pharmacol. 78, 78–83 (2014). 

40.  D. E. Weissman, D. Dufer, V. Vogel, M. D. Abeloff, Corticosteroid toxicity in neuro-

oncology patients. J. Neurooncol. 5, 125–128 (1987). 25 

41.  X. Kostaras, F. Cusano, G. A. Kline, W. Roa, J. Easaw, Use of dexamethasone in patients 

with high-grade glioma: a clinical practice guideline. Curr. Oncol. 21, 493 (2014). 

42.  S.-D. Pan, L.-L. Zhu, M. Chen, P. Xia, Q. Zhou, Weight-based dosing in medication use: 

what should we know? Patient Prefer. Adherence. 10, 549–60 (2016). 

43.  D. M. G. Halpin, D. Singh, R. M. Hadfield, Inhaled corticosteroids and COVID-19: a 30 

systematic review and clinical perspective. Eur. Respir. J. 55, 2001009 (2020). 

44.  D. M. G. Halpin, R. Faner, O. Sibila, J. R. Badia, A. Agusti, Do chronic respiratory 

diseases or their treatment affect the risk of SARS-CoV-2 infection? Lancet. Respir. Med. 

8, 436–438 (2020). 

45.  Z. Otwinowski, W. Minor, Processing of X-ray diffraction data collected in oscillation 35 

mode. Methods Enzymol. 276, 307–236 (1997). 

46.  W. Minor, M. Cymborowski, Z. Otwinowski, M. Chruszcz, HKL-3000: the integration of 

data reduction and structure solution-from diffraction images to an initial model in 

minutes. Acta Crystallogr. D. Biol. Crystallogr. 62, 859–866 (2006). 

47.  D. Borek, M. Cymborowski, M. Machius, W. Minor, Z. Otwinowski, Diffraction data 40 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/


12 

 

analysis in the presence of radiation damage. Acta Crystallogr. D. Biol. Crystallogr. 66, 

426–36 (2010). 

48.  A. Vagin, A. Teplyakov, Molecular replacement with MOLREP. Acta Crystallogr. D. 

Biol. Crystallogr. 66, 22–25 (2010). 

49.  G. N. Murshudov, P. Skubák, A. A. Lebedev, N. S. Pannu, R. A. Steiner, R. A. Nicholls, 5 

M. D. Winn, F. Long, A. A. Vagin, REFMAC5 for the refinement of macromolecular 

crystal structures. Acta Crystallogr. D. Biol. Crystallogr. 67, 355–367 (2011). 

50.  M. D. Winn, C. C. Ballard, K. D. Cowtan, E. J. Dodson, P. Emsley, P. R. Evans, R. M. 

Keegan, E. B. Krissinel, A. G. W. Leslie, A. McCoy, S. J. McNicholas, G. N. Murshudov, 

N. S. Pannu, E. A. Potterton, H. R. Powell, R. J. Read, A. Vagin, K. S. Wilson, Overview 10 

of the CCP4 suite and current developments. Acta Crystallogr. D. Biol. Crystallogr. 67, 

235–242 (2011). 

51.  P. Emsley, K. Cowtan, Coot: Model-building tools for molecular graphics. Acta 

Crystallogr. Sect. D Biol. Crystallogr. 60, 2126–2132 (2004). 

52.  P. Emsley, B. Lohkamp, W. G. Scott, K. Cowtan, Features and development of Coot. Acta 15 

Crystallogr. D. Biol. Crystallogr. 66, 486–501 (2010). 

53.  M. Kowiel, M. Jaskolski, Z. Dauter, ACHESYM: an algorithm and server for standardized 

placement of macromolecular models in the unit cell. Acta Crystallogr. D. Biol. 

Crystallogr. 70, 3290–3298 (2014). 

54.  J. Painter, E. A. Merritt, Optimal description of a protein structure in terms of multiple 20 

groups undergoing TLS motion. Acta Crystallogr. Sect. D Biol. Crystallogr. 62, 439–450 

(2006). 

55.  E. A. Merritt, To B or not to B: a question of resolution? Acta Crystallogr. D. Biol. 

Crystallogr. 68, 468–77 (2012). 

56.  I. G. Shabalin, P. J. Porebski, W. Minor, Refining the macromolecular model - achieving 25 

the best agreement with the data from X-ray diffraction experiment. Crystallogr. Rev. 24, 

236–262 (2018). 

57.  K. A. Majorek, M. D. Zimmerman, M. Grabowski, I. G. Shabalin, H. Zheng, W. Minor, in 

Structural Biology in Drug Discovery (Wiley, 2020; 

https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118681121.ch11), pp. 253–275. 30 

58.  A. Wlodawer, Z. Dauter, I. G. Shabalin, M. Gilski, D. Brzezinski, M. Kowiel, W. Minor, 

B. Rupp, M. Jaskolski, FEBS J., in press, doi:10.1111/febs.15366. 

59.  V. B. Chen, W. B. Arendall, J. J. Headd, D. A. Keedy, R. M. Immormino, G. J. Kapral, L. 

W. Murray, J. S. Richardson, D. C. Richardson, MolProbity: all-atom structure validation 

for macromolecular crystallography. Acta Crystallogr. D. Biol. Crystallogr. 66, 12–21 35 

(2010). 

60.  S. Gore, E. Sanz García, P. M. S. Hendrickx, A. Gutmanas, J. D. Westbrook, H. Yang, Z. 

Feng, K. Baskaran, J. M. Berrisford, B. P. Hudson, Y. Ikegawa, N. Kobayashi, C. L. 

Lawson, S. Mading, L. Mak, A. Mukhopadhyay, T. J. Oldfield, A. Patwardhan, E. 

Peisach, G. Sahni, M. R. Sekharan, S. Sen, C. Shao, O. S. Smart, E. L. Ulrich, R. 40 

Yamashita, M. Quesada, J. Y. Young, H. Nakamura, J. L. Markley, H. M. Berman, S. K. 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/


13 

 

Burley, S. Velankar, G. J. Kleywegt, Validation of Structures in the Protein Data Bank. 

Structure. 25, 1916–1927 (2017). 

61.  M. D. Zimmerman, M. Grabowski, M. J. Domagalski, E. M. Maclean, M. Chruszcz, W. 

Minor, Data management in the modern structural biology and biomedical research 

environment. Methods Mol. Biol. 1140, 1–25 (2014). 5 

62.  P. J. Porebski, P. Sroka, H. Zheng, D. R. Cooper, W. Minor, Molstack-Interactive 

visualization tool for presentation, interpretation, and validation of macromolecules and 

electron density maps. Protein Sci. 27, 86–94 (2018). 

63.  P. J. Porebski, G. Bokota, B. S. Venkataramany, W. Minor, Molstack: A platform for 

interactive presentations of electron density and cryo-EM maps and their interpretations. 10 

Protein Sci. (2019), doi:10.1002/pro.3747. 

64.  M. Grabowski, K. M. Langner, M. Cymborowski, P. J. Porebski, P. Sroka, H. Zheng, D. 

R. Cooper, M. D. Zimmerman, M. A. Elsliger, S. K. Burley, W. Minor, A public database 

of macromolecular diffraction experiments. Acta Crystallogr. Sect. D, Struct. Biol. 72, 

1181–1193 (2016). 15 

65.  M. Grabowski, M. Cymborowski, P. J. Porebski, T. Osinski, I. G. Shabalin, D. R. Cooper, 

W. Minor, The Integrated Resource for Reproducibility in Macromolecular 

Crystallography: Experiences of the first four years. Struct. Dyn. (Melville, N.Y.). 6, 

064301 (2019). 

66.  L. Holm, Benchmarking fold detection by DaliLite v.5. Bioinformatics. 35, 5326–5327 20 

(2019). 

67.  J. Anguizola, R. Matsuda, O. S. Barnaby, K. S. Hoy, C. Wa, E. DeBolt, M. Koke, D. S. 

Hage, Review: Glycation of human serum albumin. Clin. Chim. Acta. 425, 64–76 (2013). 

68.  P. Lee, X. Wu, Review: modifications of human serum albumin and their binding effect. 

Curr. Pharm. Des. 21, 1862–5 (2015). 25 

69.  N. Shaklai, R. L. Garlick, H. F. Bunn, Nonenzymatic glycosylation of human serum 

albumin alters its conformation and function. J. Biol. Chem. 259, 3812–7 (1984). 

70.  K. Nakajou, H. Watanabe, U. Kragh-Hansen, T. Maruyama, M. Otagiri, The effect of 

glycation on the structure, function and biological fate of human serum albumin as 

revealed by recombinant mutants. Biochim. Biophys. Acta. 1623, 88–97 (2003). 30 

71.  H. V. Roohk, A. R. Zaidi, A review of glycated albumin as an intermediate glycation 

index for controlling diabetes. J. Diabetes Sci. Technol. 2, 1114–21 (2008). 

72.  M. Aziz, R. Fatima, W. Lee-Smith, R. Assaly, The association of low serum albumin level 

with severe COVID-19: a systematic review and meta-analysis. Crit. Care. 24, 255 

(2020). 35 

 

 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/


14 

 

Acknowledgments 

We thank Alexander Wlodawer for his critical reading and discussions of the manuscript. We 

also thank Keith Brister, Zdzislaw Wawrzak, Spencer Anderson, and Joseph Brunzelle at LS-

CAT sector 21 for their assistance in data collection. Funding: This work was supported by the 

National Institute of General Medical Sciences grants R01-GM132595 and U54-GM094662. 5 

D.B. acknowledges the support of the Polish National Agency for Academic Exchange, grant no. 

PPN/BEK/2018/1/00058/U/00001 and Polish National Science Center, grant No. 

2020/01/0/NZ1/00134. M.P.C. acknowledges the support of the Robert R. Wagner Fellowship at 

the University of Virginia. M.C. was partially supported by a COVID-19 Research Initiative 

grant from the Office of the Vice President for Research at the University of South Carolina. 10 

This research used resources of the Advanced Photon Source, a U.S. Department of Energy 

(DOE) Office of Science User Facility operated for the DOE Office of Science by Argonne 

National Laboratory under Contract No. DE-AC02-06CH11357. Use of the LS-CAT Sector 21 

was supported by the Michigan Economic Development Corporation and the Michigan 

Technology Tri-Corridor (Grant 085P1000817). Author contributions:  W.M, M.C., M.P.C, 15 

D.B., and I.G.S. conceived of the project and designed the research; K.A.M. purified the protein 

and determined the ESA-dexamethasone structure; M.P.C. and I.G.S. refined and analyzed the 

structure; D.B. conducted the statistical analyses of clinical data; I.G.S, M.P.C., and D.B., wrote 

the manuscript with active input from K.A.M., M.G., D.R.C., M.P., M.C., and W.M. Competing 

interests: One of the authors (W.M.) notes that he has also been involved in the development of 20 

software and data management and mining tools; some of them were commercialized by HKL 

Research and are mentioned in the paper. W.M. is the co-founder of HKL Research and a 

member of the board. The authors have no other relevant affiliations or financial involvement 

with any organization or entity with a financial interest in or financial conflict with the subject 

matter or materials discussed in the manuscript apart from those disclosed. Data and materials 25 

availability: Diffraction images were deposited to the Integrated Resource for Reproducibility in 

Macromolecular Crystallography at http://proteindiffraction.org with DOI: 

10.18430/m3.irrmc.5571. Atomic coordinates and structure factors for the structure were 

deposited in the Protein Data Bank with accession code 6XK0. Reproducible statistical analysis 

and plotting scripts are available at https://github.com/dabrze/covid_albumin_levels. 30 

Supplementary Materials: 

Materials and Methods 

Figures S1-S2 

Tables S1-S4 

References (45-72) 35 

 

 

 
 

.CC-BY 4.0 International licensewas not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (whichthis version posted July 23, 2020. . https://doi.org/10.1101/2020.07.21.212704doi: bioRxiv preprint 

http://proteindiffraction.org/
https://github.com/dabrze/covid_albumin_levels
https://doi.org/10.1101/2020.07.21.212704
http://creativecommons.org/licenses/by/4.0/

