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Abstract

The COVID-19 pandemic continues to be a global problem with over 438 million cases
reported so far. Although it mostly affects the respiratory system, the involvement of
extrapulmonary organs, including the liver, is not uncommon. Since the beginning of
the pandemic, metabolic comorbidities, such as obesity, diabetes, hypertension, and
dyslipidemia, have been identified as poor prognostic indicators. Subsequent metabolic
and lipidomic studies have identified several metabolic dysfunctions in patients with
COVID-19. The metabolic alterations appear to be linked to the course of the disease
and inflammatory reaction in the body. The liver is an important organ with high
metabolic activity, and a significant proportion of COVID-19 patients have metabolic
comorbidities; thus, this factor could play a key role in orchestrating systemic metabolic
changes during infection. Evidence suggests that metabolic dysregulation in COVID-19
has both short- and long-term metabolic implications. Furthermore, COVID-19 has
adverse associations with metabolic-associated fatty liver disease. Due to the ensuing
effects on the renin-angiotensin-aldosterone system and ammonia metabolism, COVID-
19 can have significant implications in patients with advanced chronic liver disease. A
thorough understanding of COVID-19-associated metabolic dysfunction could lead to
the identification of important plasma biomarkers and novel treatment targets. In this
review, we discuss the current understanding of metabolic dysfunction in COVID-19,
focusing on the liver and exploring the underlying mechanistic pathogenesis and

clinical implications.




INTRODUCTION

Patients with metabolic disorders such as obesity, hypertension, diabetes mellitus (DM),

ﬁ'ld non-alcoholic fatty liver disease (NAFLD) are more likely to develop a severe case
of coronavirus disease 2019 (COVID-19)[l5l. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection per seis linked to the changes in numerous
metabolic pathways involving glucose, lipids, and amino acidsl®8l. The metabolic
reprogramming that occurs in COVID-19 patients performs several roles, including
providing energy and substrates for viral replication and modulating the
immunological response. Pre-existing metabolic comorbidities may fire up metabolic
reprogramming more strongly due to the varying amounts of metabolites and their
influence on the immune response. Untargeted metabolomic and lipidomic methods
provide new insight into the host’s response to COVID-19 infection. Hyperglycemia,
new-onset DM, dyslipidemia, and worsening of pre-existing metabolic abnormalities
have all been described in COVID-19 patientsl®!ll. As the liver is a primary metabolic
hub, it is crucial in orchestrating systemic metabolic alterations during infection. The
angiotensin-converting enzyme-2 (ACE-2) that allows SARS-CoV-2 to enter the body is
normally present in the liver and is overexpressed H patients with chronic liver disease
(CLD)12131, Additionally, ACE2 is an integral part of the renin-angiotensin-aldosterone
system (RAAS), which plays a major role in the pathophysiology of liver cirrhosis [14].

Obesity and DM have been associated with a poor disease prognosis since the outset of
the COVID-19 pandemicl!516l. As these metabolic conditions are still among the world's
most common public health issues, a sizable section of the population is at risk of severe
COVID-19 infection. Compelling evidence suggests that patients with metabolic
comorbidities also have a higher risk of post-infection sequels(!7-18]. Furthermore,
NAFLD is common in subjects with obesity and DM. When compared to non-NAFLD
COVID-19 patients, those with NAFLD have a higher risk of disease progression (6.6%
vs. 44.7%), a higher likelihood of impaired liver function (70% vs. 11.1%), and a longer




viral shedding period (17.5 vs. 12.1 days)['?l. Moreover, patients with COVID-19
frequently have elevated liver enzyme levels, and this has been linked to poor clinical
outcomes(2-2l], Similarly, COVID-19 has been proven to have a negative impact on the
complications and outcomes of CLD patients!2!1.

Infections trigger a wide range of responses in the host, including inflammation, tissue
injury, and healing. In this context, evidence suggests that COVID-19 has both
immediate  and long-term  metabolic =~ consequences associated  with
inflammation(4717.2223] Immunometabolism, which is the direct link between metabolic
diseases and inflammation, has recently emerged as a key study subject. Correlation
analyses reveal strong links between metabolites and proinflammatory cytokines and
chemokines!?>?l. In this sense, studies have found that arginine, tryptophan, and purine
metabolism have a regulatory interaction with inflammation. Therefore, targeting
metabolism to modulate the release of proinflammatory cytokines could be a viable
method for treating cytokine storms in COVID-19 patients. This review article discusses
the spectrum of metabolic dysfunctions in COVID-19 patients, their pathophysiological
aspects, and clinical implications in patients with underlying metabolic comorbidities

and liver disorders.

ALTERATIONS IN METABOLIC AND BIOSYNTHETIC PATHWAYS IN COVID-
19

In patients with severe COVID-19, considerable changes in hepatic metabolic and
biosynthetic pathways have been discovered(¢$2+2]  Lipids, glycoproteins, amines,
aromatic compounds, amino acids, steroids, and flavone metabolism were all found to
be altered [Table 1]. A study on liver autopsy samples of COVID-19 patients has
demonstrated a significant downregulation of transcripts implicated in the abolic
pathways. The most downregulated genes were acyl-CoA dehydrogenases 11 (involved
in mitochondrial B-oxidation and metabolism of long-chain fatty acyl-CoAs), CIDEB (a
liver-specific regulator of lipids metabolism), glycine N-methyltransferase (contributes

to liver steatosis and fibrosis), and glycerol-3-phosphate acyltransferase (implicated in




triglyceride bioanthesis)[(’fz‘l'%l. The suppression of lipid and amino acid metabolism
has resulted in the accumulation of amino acids and steroids in the sera of COVID-19
patientsl”). More than 100 Lipids were discovered to be downregulated in COVID-19
patient sera, including sphingolipids, glycerophospholipid, and fatty acids, most likely
due to liver damage. Many steroid hormones, such as progesterone, androgens, and
estrogens, have been found to accumulate, which can enhance immune cell activation.
Increased levels of 21-hydroxypregnenolone could imply that corticosterone is
protective against COVID-19/71.

In this context, many such metabolic changes aid SARS-CoV-2 replication and have
been linked to the severity of COVID-19 cases. Glycolysis and glutaminolysis were
found to be required for virus replication!®%]. In this regard, glutaminolysis is a process
that converts glutamine to tricarboxylic acid (TCA) cycle intermediates and is required
for protein, lipid, and nucleic acid production. Inhibiting glutaminolysis has been
shown to impede viral replication and production. Furthermore, patients with severe
COVID-19 disease had higher glucose and mannose levels in their blood!®], and
mannose was found to be a reliable biomarker for the severity of COVID-19 disease.
Chen YM found that the TCA cycle and glycolytic pathways were significantly
dysregulated in COVID-19 patients/®l. Significant suppression of cytochrome P450
enzymes has been observed in COVID-19 patients, suggesting a compromised hepatic
detoxification capacityl®l. In a metabolgmic study, Shen B et al have detected elevated
levels of glucuronate, which is a bilirubin degradation product, and bile acid
derivatives in severe COVID-19 patients, also indicating a decline in the liver's
detoxification functionl”’l. It is noteworthy that the suppressed hepatic metabolic
pathways in COVID-19 patients are consistent with mitochondrial dysfunctionl®l. In this
regard, Scozzi D et al have reported that circulating levels of mjtochondrial DNA (MT-
DNA), inflammatory nucleic acids released by injured tissues, were highly elevated in
patients who eventually died or required ICU admission. Thus, MT-DNA in blood
could be a potential early prognostic marker for poor outcomes in COVID-19 cases!29l.

Moreover, mitochondrial dysfunction also appears to play a role in COVID-19-induced




porphyrin accumulation occurring due t(b'mterference with the heme biosynthetic
pathwayl®l. Heme synthesis is dependent on the sequential action of eight enzymes,

which are mainly expressed in the liver and erythroid cells.

ALTERATIONS IN AMINO ACIDS, LIPIDS, AND SUGAR

Amino acids

Amino acids (AAs), which are mostly synthesized in the liver, are essential for
metabolism, immunological function, and redox balancel®!l. The potential effects of
glutamine, arginine, methionine, and cysteine on immunological function have been
well documented2l. Branched-chain amino acids (BCAAs) play an important role in
metabolism and inflammation. In this sense, BCA As stimulate the synthesis of glycogen
and proteins such as albumin via activating the mammalian target of rapamycin
complex 1 (mTORC1) signalingl®l. Serine and glycine are important components of the
one-carbon cycle, which aids redox balance and several biosynthetic activities(®4.

BCAA levels in the blood increase in severe COVID-19 patients®l. Through the
transcription factor NF-kB, elevated levels of BCAA increase reactive oxygen species
(ROS) generation and proinflammatory responses in endothelial cellsP?l. Additionally,
BCAAs also cause insulin resistance (IR) via activating mTORCIBél. Furthermore,
increased BCAA levels in the blood are linked to a higher risk of metabolic diseases,
including DM. On the other hand, a decrease in the BCAA /aromatic amino acids ratio,
also known as Fischer's ratio, has been linked to hepatic impairment in COVID-19
patients*”l. A metabolomics study has linked the severity of COVID-19 to a reduction in
serotonin and increased plﬁma levels of aspartate, glutamate, phenylalanine, and
succinic acid3l. The rise in such amino acids and succinic acid could be related to a
dysregulation of central carbon metabolism in the liver as well as metabolic and
oxidative stress.

On another note, changes in tryptophan metabolism along_the kynurenine pathway
have been reported in COVID-19 patientsP?. This pathway is activated by

proinflammatory cytokines such as interleukin-6 (IL-6) in response to diverse situations.




Indeed, the kynurenine and tryptophan ratio (KTR) is frequently used to assess
inflammation and immunological responses in a variety of disorders. In COVID-19
patients, an increased KTR was also indicative of the disease severity and
progressionl#?l. Other alterations indicative of hepatic dysfunction in COVID-19 patients
include elevated levels of taurine and ethanolaminel?7l. Increased taurine levels in the
blood have been identified as indicators of liver failure. Furthermore, glutamate and
glutamine are important in energy metabolism. In this regard, glutamic acid levels are
higher in COVID-19 patients; however, glutamine levels are much lower, and this is
linked to IR and an increased risk of DMI41l. Low glutamine levels in COVID-19 patients
may be due to an abnormal cysteine catabolism secondary to increased hepatic
glutathione biosynthesis, induced by proinflammatory cytokines!*2l. On another note,
the hepatic urea cycle is dysregulated in severe COVID-19 patientsl®l. The urea
cycle, which converts ammonia to urea, is the principal metabolic pathway implicated
in detoxiﬁcatiohprocesses, with a fumarate shunt connecting the urea cycle and the
TCA cyclel¥l. In moderate and severe COVID-19 patients, an increased_level of
ornithine, the main metabolite of the urea cycle, is observed. This, along with increased
levels of aspartate and glutamate, which are also linked to the cycle, suggests that
SARS-CoV-2 disturbs the hepatic urea cycle. Moreover, ornithine and glutamate
demonstrate a positive correlation with lactic acid in severe COVID-191I,

In viral infections, modification of liver metabolism and the urea cycle may be an
endogenous immunoregulatory mechanism to minimize tissue damagel*l. The
reprogramming of liver metabolism that occurs after a viral infection is correlated with
type I interferon (IFN-I) responses. In this sense, the IFN-1 response modifies the urea
cycle, resulting in lower arginine and higher ornithine concentrations in the blood, thus
suppressing virus-specific CD8+ T-cell responses and reducing the liver damagel5.
However, in COVID-19 patients, the IFN-1 response is frequently delayed, and this may
weaken the protective response. Metabolic syndrome, which is common in COVID-19
patients, causes decreased arginine availability and an elevated arginine/ornithine

ratio, which may further worsen tissue damagel*®l. Furthermore, the synthesis of




polyamines may be increased if ornithine metabolism is dysregulated. Metabolomics
analysis has reported increased levels of spermidine and spermine in the serum of
COVID-19 patientsl#l. As polyamines are involved in various viral activities, including
viral assembly and genome replication, blocking polyamine synthesis could be a useful

antiviral strategy.

Lipids

Lipids play an important role throughout the viral life cycle, and viruses exploit host
lipid metabolism to facilitate their replication. Several studies have looked at lipidomic
profiling in COVID-19 patients. Even though these studies are heterogeneous, several
consistent findings have been reported[#]. COVID-19 patients exhibited downregulation
of several serum lipids, including sphingolipids, glycerophospholipids, and fatty
acids®l. The liver damage caused by SARS-CoV-2 infection has been linked to
dyslipidemia and oxidative stressi®l. In this regard, the levels of blood triglycerides and
very-low-density lipoprotein (VLDL) are significantly elevated, whereas the levels of
high-density lipoprotein (HDL) and low-density lipoprotein (LDL) are much
lowerl375051] Notably, COVID-19-related dyslipidemia occurs primarily in patients with
high severity and not in those who recover from a mild uneventful infection. Bruzzone
C et al used nuclear magnetic resonance spectroscopy to determine the lipidomic serum
profile of 389 COVID-19 patients, revealing a pathogenic redistribution of lipoprotein
particle size and composition with atherosclerosis risk/®l. In the same study, the
metabolomics analysis revealed unusually high levels of ketone bodies, which are
produced in the liver from free fatty acids, and 2-hydroxybutyric acid, which is a
marker of oxidative stress and a consequence of glutathione synthesis in the liver.
Ketosis in COVID-19 patients has been associated with a longer hospitalization and
increased mortality ratesl>2l. Furthermore, a shift to fatty acid oxidation is a common
metabolic response observed during many severe illnesses, and COVID-19 is no
exceptionl4?23]. In this regard, a reduction in sphingosine-1-phosphate (S1P), which is a

sphingosine molecule that regulates a wvariety of biological processes such as




inflammation and apoptosis, is observed in COVID-19 patients!”%l. In a study, serum
level of SIP was found to be inversely associated with COVID-19 severityl3l.
Additionally, glycerophospholipid levels are also reduced, whereas the levels of the
corresponding lysophospholipids are increased, indicating increased phospholipase
A; activationl754%]. Elevated levels of phospholipase A2 may be an early marker of

severe COVID-19.

Glucose

On another note, SARS-CoV-2 infection is also associated with dysregulated glucose
metabolism. Regardless of previous diabetes status, hyperglycemia frequently develops
in COVID-19 patients, and many develop new-onset DM and diabetes ketoacidosis!™
11571, Furthermore, the abnormal glucose metabolism has been reported to persist even
after recovery from COVID-19. In a hospitalized sample of 551 COVID-19 patients, 46%
were hyperglycemic, and glycemic abnormalities were detected for at least 2 mo
following COVID-19 recoveryl®l. In several observational studies, more severe
hyperglycemia has been linked to a worse prognosis in COVID-19 patients!239105°1 IR
and/or decreased insulin production are the primary causes of abnormal glucose
metabolism in COVID-19 patients, and proinflammatory cytokines play an essential
role in this process. The increased glucose metabolism due to sustained hyperglycemia
may further enhance entry of SARS-CoV-2, with exacerbated immune response [0l In
this sense, elevated glucose levels and glycolysis lead to an increase in SARS-CoV-2
replication?”¢1l, Furthermore, COVID-19 causes glycemic control to deteriorate in
patients with pre-existing DM, and new-onset hyperglycemia is an independent
predictor of mortality in such patients[!6263 As glycemic control deteriorates, the

severity of illness and the risk of mortality increases.

PATHOPHYSIOLOGY OF METABOLIC DYSFUNCTIONS IN COVID-19

The occurrence of metabolic dysfunction in COVID-19 has been well documented;

however, the molecular mechanisms behind these dysfunctions are sparsely




known. Infection with SARS-CoV-2 can affect several metabolic organs such as the liver,
pancreas, adipose tissue, and muscles, either directly or indirectly. Proinflammatory
cytokines, oxidative stress, and IR all appear to contribute to metabolic dysregulation in
COVID-19, and the association between metabolism and inflammation is well-known
and still being investigated. The by-products of glycolysis increase cytokine maturation
and, as a result, T-cell proliferationl®l. One such glycolytic metabolite necessary for IL-
1P synthesis is 3-phosphoglycerate. Moreover, alterations in the levels of fatty acids and
tryptophan metabolites have been associated with inflammatory markers in COVID-19
patientsl®0l. A study found high-affinity interactions between the viral spike protein and
toll-like receptors (TLRs), particularly TLR4[65]. TLR4 activation is known to cause
inflammation and cellular metabolic alterations [®]. Additionally, hyperglycemia has
been linked to delayed IFN response and cytokine storm in COVID-19 patients!®765],
Entry of SARS-CoV-2 into host cells

The interaction between the spike protein and ACE2 allows SARS-CoV-2 to enter host
cells. Virus entry is facilitated through the priming of spike proteins by specific
proteases such as transmembrane serine protease 2 (TMPRSS2) and furin protease. At
first, SARS-CoV-2 targets epithelial cells in the lungs; however, viral RNA has been
found in a variety of organs, including the liver, suggesting that other organs could be
targeted as well. ACE2 is expressed by many cells, and its expression is further
upregulated in a variety of conditions, including inflammatory and liver
diseases!'2®l. As a result, increased ACE2 expression could be a risk factor as well as an
effect of SARS-CoV-2 infection. In particular, the delta and omicron variants of SARS-
CoV-2 have an even higher affinity for ACE2 than other variants??l. While ACE2
expression is low in healthy livers, cirrhotic livers exhibit higher levels of ACE2
expressionl!2. As a result, patients with liver cirrhosis may be more susceptible to

SARS-CoV-2 infection.

Alterations in the RAAS




SARS-CoV-2 infection significantly influences the RAAS since ACE2 is a key part of
itl71l. The discovery of functional local RAAS in several organs, including the liver, has
changed our knowledge of the RAASI. Alternative RAAS pathways mediated by
ACE2 in the local RAAS result in the opposite effects of classic RAAS (Figure 1). ACE2
is a major regulator in the alternative RAAS pathways, regulating the production of
angiotensin é—7 (Ang 1-7) from angiotensin II (Ang II). Additionally, ACE2 converts
angiotensin I to angiotensin 1-9 (Ang 1-9), which can be further converted to Ang 1-7
by the angiotensin-converting enzyme. Importantly, the protective arm of the RAAS is
made up of ACE2, Ang 1-7, and its Mas receptor, and this results in anti-inflammatory
and antifibrotic responses (Figure 1). However, when ACE2 is downregulated, Ang II
gets upregulated, and upon binding to the Ang II receptors, it causes proinflammatory,
profibrotic, vasoconstrictive, and antidiuretic responses that can lead to end-organ
damagel”!l. The plasma level Ang II rises in COVID-19 patients and is linearly
associated with viral load[72l. Ultimately, SARS-CoV-2 infection causes inflammatory
reactions due to the downregulation of ACE2(71-731. Generally, ACE2 coupled to virions
is internalized, reducing its availability on the cellular surface. Moreover, some
unknown mechanism induces the gene expression of disintegrins and
metalloproteinase domain-17 (ADAM-17). ADAM-17 is a membrane sheddase
protease that releases ACE2, IL-4, and IFN from cell membranes. Finally, free IFN-y and
IL-4 suppress membrane-bound ACE2, further shifting the RAAS to a higher Ang Il and

lower Angl-7 tonel7174],

Alterations in one-carbon pathways

The one-carbon pathway is a metabolic network that include the methionine and folate
cycles and is involved in many biological functions such as synthesis of amino acids,
polyamines, nucleic acids, adenosine triphosphate, phospholipids and glutathionel7!. In
particular, the metabolic pathways of methionine, folate, and choline have been
implicated in the pathogenesis of hepatic steatosis(7®l. One-carbon metabolism appears

to have a crucial role in COVID-1978%1, In this regard, SARS-CoV-2 uses folate and one-




carbon metabolism to gain a competitive advantage in replication7l. It modifies host
folate metabolism at the post-transcriptional level to enhance de novo purine
synthesis. Several observational studies on COVID-19 patients have linked one-carbon
metabolism to the disease severity, although mechanistic insights are still being
developed(l. The results of various studies on the link between one-carbon metabolism
and COVID-19 have been varied and conflicting, except for a few metabolites such as
glutathione, choline, and methionine sulfoxide, which were consistently altered by
COVID-19/78l. These discrepancies could be related to the confounding effects of non-
matched study subjects, variances in disease severity, and the time points at which
samples were collected in different studies.

Furthermore, metabolomic studies have ascertained that S-adenosylmethionine (SAM),
the universal methyl donor, is significantly increased in severe and fatal cases of
COVID-19780, As the generation of SAM requires vitamin B12-dependent methionine
synthase, many symptoms of long COVID-19 are similar to those of vitamin B12
deficiency, a condition in which methylation is disturbed(®ll. Multiple independent
metabolic studies have reported higher serum levels of methionine sulfoxide in COVID-
19 patients, implying increased oxidative stressl®253]. Moreover, glutathione, the most
important antioxidant, is consistently depleted in COVID-19 patients and is often
associated with increased lipid peroxidation markers!®l, In children with mild COVID-
19, higher levels of methylmalonic acid (MMA), which is a catabolic product of certain
amino acids, have been found®3. A vitamin B12-dependent enzyme further metabolizes
MMA to succinic acid, which is a TCA cycle substrate. The antiviral and anti-
inflammatory properties of MMA are thought to protect children from severe
infection. Polyamines, including as spermidine and spermine, have been found to have
a role in the replication and attachment of SARS-CoV-2, with serum levels of these
compounds being greater in COVID-19 patientsl¥’l. Overall, it appears that the virus
exploits one-carbon metabolism pathways for its replicative advantages, producing
metabolic disturbance in the host cells.

Pathogenesis of hyperglycemia




The pathophysiological basis of hyperglycemia in COVID-19 patients appears to be the
development of IR and pancreatic $-cell dysfunction (Figure 2). Peripheral IR is caused
by SARS-CoV-2-induced hyperinflammation and cytokine storm. Metflammation,
defined as a rise in TNF, IL-6, and IL-1 Levels in patients with metabolic syndrome, can
further increase IR(5. Furthermore, pancreatic damage with subsequent impairment of
insulin secretion is evident in COVID-19 patients!'®%l. However, SARS-CoV-2 does not
appear to infect B-cellsdirectly, as ACE2 and TMPRSS2 have only been detected in

ncreatic microvasculature and ducts, not in B-cells [¥7]. Pancreatic injury caused by
SARS-CoV-2 increases the release of pancreatic lipase, resulting in lipolysis and the
release of unsaturated fatty acids, thus causing mitochondrial damage and
inflammation(®¢#l, When ACE2 is downregulated in the intestinal epithelium, SGLT1 is
upregulated, resulting in hyperglycemial®l. The unopposed action of Ang II leads to
oxidative stress that triggers p-cell damage and further impairment of insulin secretion.
Hyperglycemia per se can cause B-cell dysfunction by upregulating the Ang II receptor
on P-cells and causing glucolipotoxicityl!ll. Furthermore, persistent hyperglycemia may
exacerbate COVID-19 by glycating ACE2, which facilitates the entry of SARS-CoV-2/10].
Recently, a circulating protein GP73, which is a glucogenic hormone that enhances
hepatic gluconeogenesis, has been found in COVID-19 patients, and it appears to

modulate SARS-CoV-2-induced glucose metabolic alteration!*).

CLINICAL IMPLICATIONS OF METABOLIC ALTERATIONS IN COVID-19
COVID-19 and metabolic diseases

Multiple studies have found that metabolic comorbidities are more common in COVID-
19 patients and are associated with poorer outcomes. However, the pathophysiologic
mechanisms that underpin this adverse metabolic interaction are still poorly
understood. The proinflammatory environment in patients with metabolic disorders
may aggravate immune dysregulation, inflammation, microvascular dysfunction, and
thrombosis, which may intensify the essential interaction between virus and host

components. Additionally, patients with metabolic illnesses are more likely to respond




to infection in a proinflammatory rather than protective manner, which could
contribute to increased cytokines in COVID-19 infection. Obesity, DM, hypertension,

slipidemia, and metabolic-associated fatty liver (MAFLD) have all been shown to be
associated with a more severe disease course and increased mortality in COVID-19
[Table 2]. A pooled data analysis of 20 studies determined that obese individuals had a
46% (Odds ratio [OR]: 1.46) higher chance of testing positive for COVID-19 than non-
obese peoplel”ll. Moreover, a history of prior bariatric surgery is associated with a
reduced severity in COVID-19 patients[®2l. In severe COVID-19 patients, the prevalence
of DM (OR: 3.5) and hypertension (OR: 2.6) is higher than that in non-severe
patients(®]. In a meta-analysis of 33 studies, including 16003 COVID-19 patients, the
pooled odds ratio of mortality or severity in presence of DM was 2.16 (95%; CL: 1.74-
2.68; p < 0.01)B°L Poor outcome of COVID-19 associated with DM or hyperglycemia
may be attributed to higher glucose levels that provide huge substrates for increased
glycolysis thus producing energy and substrates for SARS-CoV-2 replication. On the
other hand, improved glycemic control is associated with better outcomes in COVID-19
patients with DMI®2l, Lactic acidosis has been documented frequently in severe COVID-

patients with DM treated with metformin (. A meta-analysis of 7 studies (n = 6922)

showed that dyslipidemia is associated with severe COVID-19 infections [RR 1.39](%°.

COVID-19 and liver diseases

SARS-CoV-2 produces steatosis and lobular and portal inflammation in the liver(%l.
Microthrombi have been found in the hepatic sinusoids in fatal cases due to
coagulopathy and endothelial dysfunction. Despite the preponderance of ACE2 on the
biliary epithelium, significant cholestasis is rare. In a histological study of patients who
died of complications of COVID-19, macrovesicular steatosis was the most common
finding as it was observed in 75% of patients, and PCR for viral ribonucleic acid in liver
tissue was positive in 55% of patients tested®]. Such a high frequency of hepatic
steatosis suggests a role of some metabolic derangements associated with COVID

infection, which in turn lead to fatty liver disease. In this regard, COVID-19 patients




with NAFLD have a higher risk of developing liver injury®®], a higher risk of disease
progression (44.7% vs. 6.6%), more likelihood of impaired liver function, and a longer
viral shedding time compared to those without NAFLDI"L It is noteworthy that
NAFLD is now known as MAFLD, which refers to the hepatic manifestation of
metabolic health. In two meta-analyses, MAFLD was found to increase the risk of
severe COVID-19 (OR: 1.8 and 2.9, respectively) 1451 After adjusting for confounders, the
pooled OR for severe COVID-19 in NAFLD was 2.358, demonstrating that NAFLD
alone, without confounding factors, may contribute to worse COVID-19 outcomes;
however, the exact explanation is still unknown(®l. Therefore, further research on the
impact of NAFLD in COVID-19 patients is needed.

In patients with liver cirrhosis, the RAAS plays a key role in the development of portal
hypertension and ascites(14100101] The hyperdynamic circulation seen in portal
hypertension is caused by overexpression of ACE2 and enhanced Angl-7 production in
the mesenteric arterioles[100.101] As per the combined SECURE-liver and COVID-Hep
registries, 38% of patients with cirrhosis and COVID-19 had worsening ascites, acute
kidney injury (AKI), or encephalopathy1%2. In cirrhosis, RAAS activation occurs as a
compensatory response to the systemic and splanchnic arterial vasodilation, resulting in
renal water and sodium retention, which contributes to the development of the
complications of cirrhosis such as ascites and AKI4103104] COVID-19 can increase the
risk of these complications by interacting with the RAAS. On another note,
hyperammonemia has been reported in COVID-19 patients, and it could be linked to
hepatic dysfunction and urea cycle interferencell®5l. Ammonia is a neurotoxin that
affects astrocytes and plays a role in the development of cerebral edema and hepatic
encephalopathy. By causing IR and pancreatic dysfunction, COVID-19 can increase the
risk of hepatogenous diabetes in patients with liver cirrhosis, and it can aggravate pre-
existing gut dysbiosis in cirrhosis. On the one hand, gut dysbiosis can result in the
translocation of endotoxins and bacteria leading to inflammation; on the other hand, it
reduces the anti-inflammatory effects by reducing the production of commensal

bacterial metabolites such as butyrate, bile acid derivatives, and indolel'%l. Overall, the




proinflammatory environment with metabolic alterations in COVID-19 patients with
liver cirrhosis leads to the development of acute decompensation, acute-on-chronic liver

failure, and increased mortality[1041071,

METABOLIC CHANGES DURING AND FOLLOWING RECOVERY FROM
COVID-19

During the early convalescence of COVID-19 patients, distinct profiles of metabolites
and cytokines have been observed. One study reported a reduction in saturated fat
palmitic acid while unsaturated fatty acids such as docosapentaenoic acid and
docosahexaenoic acid were elevated(?°l. These changes correspond to the prevention of
hepatocyte apoptosis and facilitation of liver repair. Furthermore, a rise in tryptophan
levels was observed, and this could aid in the reversal of liver injury by preserving
protein synthesis activity[1%l. On another note, the glycemic abnor ities persist for at
least 2 mo following recovery from COVID-19%8l. A long-term follow-up study on
patients who had recovered from the original SARS-CoV-1 infection found a significant
prevalence of hyperlipidemia (68%) and glycemic abnormalities (60% )[1®], Given the
structural similarity of the SARS-CoV-2 virus to the original SARS-CoV-1 virus,
comparable outcomes can be expected; however, this remains to be seen. The metabolic
abnormality appears to persist more in patients with metabolic Comorbidit'as. In this
sense, a study with 1-year follow-up following discharge reported significant
abnormalities in metabolic indicators such as blood lipids, uric acid, and liver function
in obese COVID-19 patients compared to non-obese ones'l. Another study
demonstrated incomplete metabolic phenorversion in post-COVID patients. Even
though most metabolic markers showed a high level of normalization, plasma taurine,
and lower glutamine/glutamate ratios indicated little normalization in the majority of
patients, indicating probable liver and muscle injuryl!!l. Further research is needed to
determine the long-term clinical implications of these findings. In a study published
recently, MAFLD was highly prevalent after Pﬁjital discharge, indicating potential
long-term metabolic health implications. The prevalence of MAFLD was 55.3% at




follow-up, while it was 37.3% on admission/!'?l. As metabolic alterations such as
dysglycemia, hyperlipidemia, and inflammation are important in the progression of
MAFLD, a high prevalence of MAFLD-induced advanced CLD may be expected in the

years to come.

CONCLUSION

Human SARS-CoV-2 infection triggers a complex viral-host interaction that results in
metabolic reprogramming, altered immunological response, and a variety of clinical
consequences. As the liver is the metabolic hub of the body, it is targeted in this process.
In metabolomics and lipidomic studies on COVID-19 patients, a variety of alterations in
amino acids, lipids, carbohydrates, and energy metabolism have been identified.
Although the impact of each metabolic change remains to be determined,
pathophysiological alterations in the RAAS, insulin sensitivity, pancreatic functions,
biosynthesis pathways, and ammonia metabolism can be used to make various
extrapolations in the clinical setting. Furthermore, evidence suggests a direct link
between metabolic changes and inflammatory responses in the body. Patients with
underlying low-grade chronic inflammation, such as metabolic syndrome or CLD, may
be particularly affected by COVID-19-induced metabolic changes. Therefore, obesity,
DM, hypertension, dyslipidemia, and MAFLD in COVID-19 patients have all been
associated with a more severe disease course and higher mortality. Moreover,
preliminary data suggest that metabolic changes in COVID-19 can also have long-term
health implications. Improved metabolic parameters such as blood glucose, blood
pressure, and body weight may help control the systemic inflammatory response and
reduce the severity of COVID-19 disease. Furthermore, metabolic changes may reflect
the molecular profile of SARS-CoV-2-infected individuals, opening up new avenues for

targeted therapeutic interventions.
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