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Although most coronavirus disease 2019 (COVID-19)
infections are self-limited, some develop into sepsis
and multisystem organ failure (MSOF)," resembling lipotoxic
acute pancreatitis.>® Understanding underlying mechanisms
may guide supportive care while clinical trials are ongoing.
Unsaturated fatty acids (UFAs) generated by adipose lipol-
ysis™® cause MSOF, including acute lung injury.” Severe acute
pancreatitis and severe COVID-19 share obesity as a risk
factor," along with lipase elevation,” hypoalbuminemia,’ and
hypocalcemia.® The latter 2 may progress undetected
because calcium-albumin correction calculations (eg, https://
www.mdcalc.com/calcium-correction-hypoalbuminemia) can
pseudonormalize calcium values (eg, uncorrected calcium of
5.9 mg/dL and albumin of 0.1 g/dL to corrected calcium of
9.0 mg/dL). Notably, calcium ameliorates MSOF,” and UFAs
cause nonendocrine hypocalcemia.”

The ACE2 receptor resides on adipocytes® containing tri-
glycerides and adipocyte triglyceride lipase (ATGL) and on
pancreatic acini expressing pancreatic triglyceride lipase
(PNLIP).” Both oleic acid (C18:1) administration and adipose
lipolysis® by PNLIP can cause acute lung injury and MSOF.
These, and previous data showing that UFAs depolarize
mitochondria, inhibit complexes [ and V.2 decrease adenosine
triphosphate, release intracellular calcium,® and increase in-
flammatory mediators,” made us explore lipotoxicity during
severe COVID-19. This approach, culminating in clinical advice
to keep calcium and albumin levels normal from early on in
the disease, is summarized in Figure 14 and explained dia-
grammatically in supplementary figure 1.

Methods

See Supplementary Materials.

Results

Hypocalcemia and Hypoalbuminemia Occur

Early During Severe Coronavirus Disease 2019
Seven of 15 hospitalized patients were discharged home

by 3. 4 +1.6 days. One died of hypoxemic failure after

Department of Laboratory Medicine

declining intubation. Seven patients with severe disease
required intensive care (mean, 3.9 + 2 days after admis-
sion). Although otherwise similar to those with mild disease,
severely ill patients had higher blood urea nitrogen (BUN)
level; lower platelets and lymphocytes (Supplementary
Figure 2); early, steady progressive hypocalcemia and
hypoalbuminemia; and lower oxygen saturation nadirs
(Figure 1B). Mice administered linoleic acid (LA) (C18:2)
(Supplementary Figure 34) but not the saturated fatty acid
C16:0 developed hypoalbuminemia. Because albumin and
calcium bind fatty acids and reduce toxicity,” we graphed
serum unbound fatty acids in patients in the intensive care
unit (Figure 1C) vs their P/F ratio (ie, the arterial partial
pressure of oxygen/percentage of oxygen). Lower P/F ratios
(0.97 £ 0.1) were associated with higher unbound fatty acid
levels (15.5 + 7.7 umol/L vs 4.2 + 2.3 umol/L; P < .002),
and vice versa (2.36 + 0.4; P < .003).

Unsaturated Fatty Acids Cause Multisystem
Organ Failure and Inflammation Resembling
Severe Coronavirus Disease 2019

C18:1, C18:2, and C16:0 make up 10%-50% of dietary
fat and adipose triglycerides in humans. Mice given C18:1
(not shown) or C18:2, but not C16:0, (Figure 1D) devel-
oped leucopenia, lymphopenia,' lymphocytic injury, rela-
tive thrombocytopenia,” hypercytokinemia,' elevated
alanine aminotransferase levels,’ hypoalbuminemial, hy-
pocalcemia6, shock,' and renal failure resembling lethal
COVID-19.

*Authors share co-first authorship.

Abbreviations used in this paper: ATGL, adipocyte triglyceride lipase;
BUN, blood urea nitrogen; COVID-19, coronavirus disease 2019; LA,
linoleic acid; LLP, 1,2-dilinoleoyl-3-palmitoyl-racglycerol; MSOF, multi-
system organ failure; PNLIP, pancreatic triglyceride lipase; UFA, unsatu-
rated fatty acid.
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Mortality From Coronavirus Disease 2019
Correlates With Dietary Unsaturated Fat Intake;
Saturated Fat Is Protective

Because adipose triglyceride composition corre-
sponds to dietary fat composition, we compared dietary
fat patterns to other risk factors for COVID-19 mortality
from countries with >1000 COVID-19 cases reported
between March 25, 2020, and April 8, 2020 (61 coun-
tries; 1,476,418 patients).

We first did a univariate analysis using the linear mixed
model, accounting for daily reported percent mortality vs
dietary and other factors (Figure 1E). Because of skewness,
log-transformed mortality was used in the model. Only
saturated fat intake (kg/capita/y) was negatively associated
(P = .05), and percent UFA intake was positively associated
(P < .001) with mortality (Figure 1F and G). The rate ratio
indicates the relative change in mortality for each param-
eter; for example, a rate ratio of 0.97 for saturated fat intake
indicates that for a 1-unit increase in saturated fat, there is a
3% reduction in mortality: (1 - 0.97) x 100% = 3%.
Multivariate analysis showed only percent UFA as signifi-
cantly associated with mortality (P < .0001).

Interestingly, per capita GDP consistently and positively
correlated with tests/million (not shown), and COVID-19
cases/million (Supplementary Figure 3B), with the inflic-
tion point noted above US$10,000. Thus, COVID-19 may be
undiagnosed in low-income countries.

We next studied how dietary and adipose triglyceride
saturation could protect from severe COVID-19.

Saturated Fatty Acids in Triglycerides Impede
Interaction With Adipocyte Triglyceride Lipase

Because it is not known which lipase is active in COVID-
19, we examined how saturation affects triglyceride inter-
action with ATGL. On unbiased in silico docking simulation,
the linoleic acid triglyceride trilinolein (LLL) docked to the
ATGL homology model with a GlideScore of -6.71 kcal/mol
and 7.02 A between the catalytic Ser47 hydroxyl and the
carbonyl C atom of the glycerol backbone (Figure 1H).
Substituting palmitate at Sn-3, 1,2-dilinoleoyl-3-palmitoyl-
racglycerol (LLP) docked with a GlideScore of -3.34 kcal/
mol and 8.49 A from the catalytic serine (Figure 11). Thus,
saturation reduces lipolysis by making the complex less
energetically and structurally favorable.

Unsaturated Fatty Acids Injure and Impede Cell
Functions; Albumin Binding Prevents but Does
Not Reverse Injury

Exposure of an established human umbilical vein endo-
thelial cell (HUV-EC-C) cell monolayer to UFAs decreased
transendothelial resistance and increased dextran perme-
ability and apoptotic peripheral blood mononuclear cells
(Figure 1J-L). LA increased the baseline and frequency of
cytosolic calcium elevation in spontaneously beating car-
diomyocytes (Figure 1M). Thus, UFAs may cause vascular
(albumin) leak, inflammatory injury, and arrhythmia during
severe COVID-19.

On isothermal titration calorimetry, albumin-bound LA
strongly (stoichiometry = 6:1; enthalpy, -230 KJ/mol)
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

While most COVID-19 patients clear the infection, some
develop severe disease with organ failure. Based on
patterns associated with severe COVID-19, underlying
mechanisms, we propose a simple, low risk supportive
intervention.

NEW FINDINGS

Unsaturated fat intake is associated with increased mortality
from COVID-19. Unsaturated fatty acids cause injury, organ
failure resembling COVID-19. Early albumin and calcium can
bind unsaturated fatty acids, reduce injury.

LIMITATIONS

We do not have a clinical trial to support that “keeping a
normal serum calcium and albumin all through COVID-
19” improved mortality. Such a trial may be helpful in
the future.

IMPACT

Both calcium and albumin are inexpensive, and easily
available. If supplemented early during COVID-19
hospitalization, these may reduce organ failure and ICU
requirements despite a lack of proven anti-viral therapies.

(Figure 1N). However, adding albumin 30 minutes after LA
to macrophages did not reduce necrosis. Although pre-
incubating HEK293 cells with albumin and calcium
(Figure 1 O and P) completely prevented necrosis, delayed
addition of albumin only partially blocked or reversed LA-
induced mitochondrial depolarization? (Figure 1Q and R).
Therefore, early neutralization of UFAs may prevent mito-
chondrial dysfunction and injury resulting in MSOF. In vivo,
prophylactic calcium and albumin prevented LA-induced
MSOF (not shown). Thus, early supplementation with al-
bumin and calcium may be better than correcting de-
ficiencies later during severe COVID-19 infection or sepsis,
which may be too little, too late.

Discussion

Calcium binds €18:2 more weakly’ (-20 kJ/mol) than
albumin. However, calcium’s total concentration (2.25-2.75
mmol/L) is 3-5 times higher, and it ameliorates MSOF.”
Thus, supplementing calcium (eg, oral calcium carbonate)
and albumin to normal values early during COVID-19° could
reduce lipotoxic MSOF without violating the calcium-
albumin correction. Despite COVID-19 being under-
diagnosed in lower-income countries, mortality in diag-
nosed COVID-19 is likely from the infection and, thus,
supports our conclusions. Additionally, while we did incor-
porate the number of ventilators per country, the numbers
quoted are in some cases more than 8 years old, and
therefore may not be reliable. Similarly, the number of ICU
beds available may not reflect the exact number in each
country. Although our clinical study is small and retro-
spective and experimental studies are correlative, their
congruence to severe COVID-19 is supported by larger
published studies® and can be validated by future inter-
ventional studies. Thus, keeping calcium and albumin levels
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normal through COVID-19 is a low-cost, low-risk strategy to
improve outcomes.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2020.05.057.
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Figure 1. (A) Schematic summarizing the study’s approach. (B) Time course starting at the day of admission or —4 days (which
ever came first) leading to the event on day 0, which is the day of discharge, death, or ICU admission. The green lines show the
trends of those who were discharged to home, and the red lines show those who were transferred to the ICU or died. The AM
laboratory test results collected on the day of dismissal are shown as day 1 to allow comparison of the trend. The upper panel
shows the lowest oxygen saturation measured on pulse oximetry (Sao,) in those admitted to the ICU. Also shown are total
serum calcium (middle panel), and serum albumin (lower panel). *Significant (P < .05) difference for the whole time course
matched for each day when comparing red and green values on t test. #Significant difference from admission or day —4.
(C) Relationship of peak unbound fatty acids in ICU patients vs the ratio of partial pressure of oxygen to the percentage of
oxygen being delivered (P/F ratio). (D) Parameters in mice given LA (C18:2), or palmitic acid (C16:0) at the mentioned doses. *P
< .05, P < .01, ™™P < .001, *™*P < .0001 on 1-way analysis of variance compared to controls. There were 8 mice per group.
The terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling staining was done on
paraffin sections of the spleen, and the percentage of positive cells in the white pulp was quantified. A drop in carotid artery
distention supports hypotension and, when extreme, shock. Mice in the control and C16:0 groups were electively killed at 72
hours. (E) Univariate analysis of risk factors to percent mortality from COVID-19: each row mentions the parameter analyzed on
the extreme left. The columns show the rate ratios, along with the 95% confidence intervals and P values for all countries with
>1000 COVID cases reported between March 25, 2020, and April 8, 2020. (F, G) Graphical presentation (marginal plots) of
countries showing the association between percent mortality from COVID-19 and (F) percent dietary unsaturated fat intake and
(G) dietary saturated fat intake. The blue line is the expected value of the mortality change with respect to the value of saturated
fat or percent UFA. The dots are the daily data. (H, /) Images of the induced-fit docking simulations of the (H) LA (C18:2)
triglyceride of LLL and (/) 1,2-dilinoleoyl-3-palmitoyl-rac-glycerol (LLP) docked into the catalytic pocket (dark gray) of ATGL by
using Schrodinger Maestro. The dashed line shows the distance of the triglyceride’s primary carbonyl group in angstroms from
the catalytic serine (SER47). (J, K) Bar graphs with standard deviation from HUV-EC-C cell monolayers exposed for 2 hours to
100 umol/L of the fatty acid below the respective bar showing (J) transendothelial cell electrical resistance and (K) leakage of
10-kD dextran from the upper chamber into the lower chamber. The leakage induced by 1% Triton-X 100 was taken as 100%.
*P < .05 vs control in t test. Each point for a condition represents a separate experiment. (L) Percentage of peripheral blood
mononuclear cells staining positive for Annexin V after a 60-minute treatment with 100 umol/L of the fatty acid below the
respective bar. (M) Time series (images above, graph below), of Fluo-4AM-loaded cardiomyocytes showing the change in
florescence signal after the addition of 150 umol/L LA (C18:2; yellow rectangle in images ). (N) Representative thermograms
showing the heat rate of albumin interacting with C18:2 (red lines) with thermodynamic parameters in the inset box. Also
shown are thermograms of albumin injection into HEPES buffer (green line) and buffer injection into buffer (black line). (O) The
effect of adding 160 umol/L albumin 30 minutes after adding 100 umol/L LA on lactate dehydrogenase (LDH) leakage from
J774 A1 cells. (P) The effect of preincubating HEK293 cells with 160 umol/L albumin and 2 mmol/L calcium (LA + Alb) on 100
umol/L LA-induced injury (LA 100). (Q, R) Representative curves showing the effect of adding 160 umol/L albumin 300 seconds
(Q) after inducing ym by different concentrations of LA in HEK293 cells or (R) after 150 seconds in pancreatic acinar cells. Cl,
confidence interval; Em, emission; EX, excitation; ICU, intensive care unit; M, mol/L; OA, oleic acid; PA, palmitic acid; PBMC,
peripheral blood mononuclear cells; Sec., seconds; TEER, transendothelial cell electrical resistance.
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Human Data

Protocols (14-003999, 18-005104) were approved by
the Mayo Clinic institutional review board (IRB). Chart re-
view of patients admitted with COVID-19 infection from
March 20, 2020, and April 7, 2020 was done (by VPS and
RCC). More than 1 admission over a 2-week period was
counted as 1. Data were collated into an Excel spreadsheet
(Microsoft, Redmond, WA), graphed, and statistically
compared. Unbound fatty acids were measured on residual
serum samples remaining after all clinical testing was done,
as per the approved IRB protocol. All consenting re-
quirements stipulated by the approved IRB protocol were
followed.

Epidemiologic Data

Real-time database searches between March 25, 2020,
and April 8, 2020, were done. Total COVID-19 cases and
deaths (www.worldometers.info/coronavirus) were vali-
dated from (https://coronavirus.jhu.edu/) for all countries,
with a total of >1000 cases. All countries reporting >20
deaths were included until day 7. A country’s area, popu-
lation (in millions), gross domestic product (GDP) (in bil-
lions of US dollars), latitude, hospital beds/1000
population, and ICU beds/100,000 population were from
Wikipedia and were validated from https://data.worldbank.
org/, https://apps.who.int/gho/data/view.main.HS07v, and
www.ourworldindata.org/. The calculated parameters were
“% deaths,” “COVID positive/million,” “population density,”
and “per capita GDP.”

The per capita (kg/capita/year) food intake of each
country was recorded from http://www.fao.org/faostat/
en/#data/FBS, by choosing “country,” and then “Element”
as “food supply quantity (kg/capita/year)”. Under “items
aggregated,” “Animal products (list)” and “vegetable oils
(list)” were chosen, as was year “2017”. Data were down-
loaded as a .csv file and converted to Excel. Cold-source
(unsaturated) fat intake (kg/capita/year) was as total
vegetable oil intake (excluding palm oil) + fish fat (10% of
weight of fish consumed). The warm-source fat (saturated)
intake (kg/capita/year) was palm oil + ghee + butter +
cream + raw animal fat + 15% of red meat and mutton
weight 4+ 8% of pork weight 4+ 14% of poultry weight + 2%
of milk weight. The percent cold-source (ie, unsaturated) fat
was calculated as a percentage of cold + warm sources.
National life expectancy, median age, and infant mortality
were from https://www.un.org/development/desa/
publications/publication, and COVID-19 doubling time
were from www.ourworldindata.org/.

Statistics

The univariate analysis was performed by fitting a linear
mixed model to evaluate the relationship between daily
mortality and each variable, with a random intercept for
each country to account for the clustering effect. The loga-
rithm transformation estimates reflect the differences in the
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log of mortality rate per 1-unit increase in each explanatory
variable. To quantify the association in the original scale of
mortality rate, we exponentiated the model estimate, and
hence, the value represents the rate ratio per 1-unit in-
crease in an explanatory variable. A rate ratio of <1 in-
dicates that an explanatory variable is negatively associated
with mortality, a rate ratio of >1 indicates a positive as-
sociation, and a ratio equal to 1 indicates no statistical as-
sociation. The analysis was conducted based on the
aggregated information from countries with available data.
The statistical analysis was performed by the use of R 3.6.2
(R Project for Statistical Computing, Vienna, Austria).

Animal Experiments

Male, 8-10-week-old Institute for Cancer Research (ICR)
mice (Charles River Laboratories, Wilmington, MA) were
used as previously described." There were 4 groups: control
and intraperitoneal C18:2,% C18:1," and C16:0 at 0.2%, 0.3%,
and 0.5% body weight, respectively. These cohorts over-
lapped with but were not identical to the previous ones. All
protocols were approved by the Institutional Animal Care
and Use Committee of the Mayo Clinic Foundation.

Reagents
All reagents, including dimethyl sulfoxide (DMSO), were
from Sigma-Aldrich (St Louis, MO).

Lipid Studies

As previously reported,” fatty acids were sonicated into
phosphate-buffered saline (10 s/pulse x 3). C16:0 (insol-
uble in phosphate-buffered saline) was a 60-mmol/L stock
in DMSO. Final DMSO (0.16%-0.5%) does not affect results,
as shown previously.*

In Vitro Cell Studies

All data shown are from a 3-5 independent experiments.

Cell Lines and Cell Culture

Primary pancreatic acini peripheral blood mononuclear
cells were harvested and used as described previously>° in
HEPES buffer pH 7.4 (20 mmol/L HEPES, 120 mmol/L Nacl,
5 mmol/L KCl, 1 mmol/L MgCl,, 10 mmol/L glucose, 10
mmol/L sodium pyruvate, 1 mmol/L CaCl;), as were HEK293
cells.” ]774A.1 cells cultured as per American Type Culture
Collection (Manassas, VA) were gently scraped, washed 3
times in HEPES buffer at 37°C, exposed to LA for 2 hours (75
revolutions/minute). LDH leakage was calculated as for
HEK293 cells. Human endothelial cell Established human
umbilical vein endothelial cell (HUV-EC-C) monolayers (on
0.4-um polyester Transwell permeable membrane [Corning,
NY] precoated with type IV collagen) were grown in Kaighn’s
modification of Ham’s F-12 medium, and supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin, 0.1
mg/mL heparin, and 50 pug/mL Corning Endothelial Cell
Growth Supplement, as per American Type Culture Collec-
tion. TEER measurement (in Qcm?) using the EVOM2
Epithelial Volt/Ohm Meter with an STX2 electrode (World
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Precision Instruments, Sarasota, FL) and 10-kD dextran Alexa
Fluor 647 permeability tracer flux assay (added to the upper
chamber, measured in the lower chamber) were done in
HEPES buffer over 2 hours of non-esterifed fatty acid (NEFA)
treatment.

Mitochondrial Depolarization Studies
Mitochondrial depolarization (¥m) studies were done as
described previously.””~?

Unbound Fatty Acids

Unbound fatty acids were measured following manu-
facturer’s protocol for the ADIFAB2 kit (FFA Sciences, San
Diego, CA). Readings were calibrated against NEFA stan-
dards made in DMSO.

Albumin-C18:2 Binding

This was done by using isothermal titration calorimetry
at 37°C as recently described” by using 850-umol/L fatty
acid-free bovine serum albumin in the burette, with 10
umol/L/injection into 1 mmol/L C18:2.

Molecular Docking

The crystal structure of human ATGL has yet to be
elucidated, which necessitated the construction of an ATGL
homology model with SWISS-MODEL'® to perform molecular
docking simulations. Triglycerides trilinolein; LLL (compound
CID: 5322095), 1,2-dilinoleoyl-3-palmitoyl-rac-glycerol; LLP
(compound CID: 9544106), 1-linoleoyl-2-oleoyl-3-palmitoyl-
sn-glycerol; and LOP (compound CID: 99647498) were
docked to the ATGL homology model using the Induced Fit
Docking protocol within Schrodinger Maestro."*

Human Induced Pluripotent Stem Cell-Derived
Cardiomyocytes

Cardiomyocytes were generated from human induced
pluripotent stem cells (IRB 13-007298 and 18-010099)
by using the chemically defined medium 3 (CMD3)
protocol’” with modifications.”®> Briefly, induction of
differentiation was achieved by using 8 umol/L CHIR-
99021 and 10 nmol/L activin A for 20 hours, followed
by treatment with 5 umol/L IWP2 and 10 ng/mL of
recombinant human BMP-4. Cardiomyocytes were not
subject to lactate selection before dissociation on day 15
and were seeded on fibronectin-coated, glass-bottomed
plates for imaging. These were loaded with Fluo-4AM
and imaged14 (Zeiss LSM 800; Carl Zeiss, Oberkochen,
Germany) in HEPES buffer/37°C/every 9.5 seconds +
LA. Fluorescence (arbitrary units) was quantified on
fixed areas of serial images using Image] software (Na-
tional Institutes of Health, Bethesda, MD).

10.

11.

12.

13.

14.
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Supplementary Figure 1. Schematic describing how a diet rich in unsaturated fat, makes adipocyte triglyceride unsaturated,
which predisposes to severe COVID-19, resulting in severe sepsis or death, and how this can be prevented earlier in the
disease. The early phase of the disease (green background) is before organ failure has set in. At this time neutralization of the
UFAs by albumin and calcium can reduce toxicity from the unbound form of UFAs. However, once the UFAs have cause
mitochondrial complex | and V to be injured in the multiple vital cell types (red background), organ failure sets in. At this time
supplementing albumin and/ or calcium is ineffective, since the fatty acids have already caused mitochondrial damage and
organ failure. Therefore early supplementation of calcium and albumin may prevent the progression of COVID-19 to a severe
disease.
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Supplementary Figure 2. (A) Table comparing the demographics and comorbidities of patients with COVID-19 who were
discharged home vs those who were admitted to the ICU or died (ICU/died). (B) Time course starting at the day of admission or
-4 days (whichever came first) leading to the event on day 0, which is the day of discharge; death; or ICU admission. The green
lines show the trends of those who were discharged to home, and the red lines show those who were transferred to the ICU or
died. From top to bottom, these are morning (AM) laboratory values for platelet counts, serum alanine aminotransferase, and C
-reactive protein. *Significant (P < .05) difference for the whole time course matched for each day when comparing red and
green values on t test. One patient who died had myelodysplastic syndrome and was excluded. (C) The patterns for BUN, total
WBC counts, and absolute lymphocyte counts. The patients excluded are mentioned, along with the underlying comorbidity.
#Significant difference between red and green values for the day. ALT, alanine aminotransferase; BMI, body mass index; BUN,
blood urea nitrogen; CKD, chronic kidney disease; CLL, chronic lymphocytic leukemia; CRP, C-reactive protein; COPD,
chronic obstructive pulmonary disease; degn., degenerative; F, female; hosp., hospital; M, male; SD, standard deviation; WBC,
white blood cell; Yr., years.
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A Time course of hypoalbuminemia
in mice given fatty acids
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Supplementary Figure 3. (A) Time course of serum albumin levels in mice given the UFA LA (C18:2, red line) vs those give

palmitic acid (C16:0, green line). There were 8 mice per group. *P < .0001 vs for same-day values measured in the 2 groups of
mice. (B) Nonlinear correlation of the number of COVID-19 cases diagnosed/million population of a country and its per capita
GDP as of April 8, 2020, which was the last day of the study. Note that the inflection point for increase in testing is noted at

approximately US$15,000. The table on the right gives the name of the country corresponding to the number shown. PA,

palmitic acid; Sr., serum; UAE, United Arab Emirates.




