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Abstract

The functions of magnesium (Mg) and angiotensin-converting enzyme 2 (ACE2) in
lowering blood pressure are well known; however, their roles in long COVID (LC)
remain unclear. This review proposes a hypothetical model that mechanistically
links symptoms of LC to: (i) deficiencies in essential ACE2-dependent neutral amino
acids, including tryptophan and methionine; (ii) altered Mg-dependent one-carbon
metabolism; (iii) altered Mg-dependent autophagy; and (iv) altered Mg-dependent
mechanistic target of rapamycin (mTOR) signaling, potentially modulated by
rapamycin. Mg and vitamin D deficiency are linked to LC. All forms of vitamin D,
including its cutaneous precursor, are Mg-dependent. Accordingly, Mg is proposed
as an essential factor in the prevention and/or attenuation of LC. The SARS-CoV-2
virus targets ACE2-expressing cells, leading to the downregulation of ACE2 function.
ACE2 and sodium-dependent neutral amino acid transporter are required for the
absorption of tryptophan, methionine, and branched-chain amino acids, all of
which are low in LC. Loss of ACE2 negatively impacts the Mg-dependent serotonin
pathway, the Mg-dependent indole pathway, and the methionine-dependent one-
carbon metabolism. Autophagy and mTOR kinase are Mg-dependent. Additionally,
individuals carrying the methylenetetrahydrofolate reductase 677T allele—which
is prevalent in many populations—may exhibit further impairment in one-carbon
metabolism. Gut dysbiosis, present in almost 75% of long haulers, may enable
Candida overgrowth. Candidalysin has been shown to upregulate mTOR and inhibit
autophagy, similar to mechanisms employed by several viruses, including SARS-
CoV-2, and may contribute to chronic fatigue. Although numerous linkages are
outlined, this mechanistic model is hypothetical, and causal relationships require
validation through clinical studies.

Keywords: Magnesium; Tryptophan; Methylation; Mechanistic target of rapamycin;
Autophagy; Rapamycin

1. Introduction

Long COVID (LC) remains poorly understood, characterized by a wide range of
seemingly unrelated symptoms. Given the ongoing massive, global, economic,
and personal impact of LC, a half-decade of research into etiology and therapeutic
solutions has surprisingly found limited success. No unifying theory has yet emerged;
however, the gut may provide important clues. Cellular invasion by the SARS-CoV-2
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virus disrupts angiotensin-converting enzyme 2 (ACE2)
function.! Enterocytes are rich in ACE2, and long haulers
report persistent mucosal SARS-CoV-2 spike (S) protein.
Magnesium (Mg) is recognized as a central player in the
vast majority of known human metabolic functions.? Mg
deficiency (MgD) is also global, and many experts in the
field point to outdated lower limits for laboratory reference
ranges.

2. Angiotensin-converting enzyme 2,
sodium-dependent neutral amino acid
transporter, and mechanistic target of
rapamycin

Persistent spike (S) protein has been detected in the
intestinal mucosa of many long haulers.* Via its spike
(S) protein, SARS-CoV-2 enters ACE2-bearing cells,
compromising ACE2 function. ACE2 interacts with
the sodium-dependent neutral amino acid transporter
(B°AT1) to facilitate the cellular entry of non-polar or
neutral amino acids.*® Any decrease in ACE2 function
corresponds to a decrease in B°AT1 function. B°ATI,
encoded by SLC6A19, is the primary transporter for
transcellular absorption of tryptophan, methionine, and
branched-chain amino acids, such as leucine, isoleucine,
and valine.5® Branched-chain amino acids are critical
to immune function,’ muscle repair, and provision of
energy during exercise,'® These deficiencies are associated
with LC symptoms, such as fatigue, muscle atrophy," and
impaired immune function.'? Long haulers are deficient in
branched-chain amino acids.”

The mechanistic target of rapamycin (mTOR) has been
called “the brain of the cell” It is an Mg-dependent kinase
that, when activated (in an anabolic state), regulates cell
growth, proliferation, and metabolism, and suppresses
autophagy. Autophagy involves recycling “intracellular
debris,” suppressing cancer cells, and eliminating
pathogens. This Mg-dependent kinase (mTOR) is
suppressed under conditions of nutrient deprivation, such
as essential amino acid deficiency. In a catabolic state,
Mg-dependent autophagy is correspondingly upregulated.
However, adenosine monophosphate-activated protein
kinase, another Mg-dependent kinase, suppresses
mTOR during energy stress (i.e., low cellular adenosine
triphosphate)'* and upregulates autophagy.'”” Mg enhances
mTOR activity, while rapamycin suppresses mTOR
activity. Paradoxically, both have been associated with
longevity.'*"” They both stimulate autophagy'>'® and may
exert complementary effects.’” Both may hold therapeutic
potential for individuals with LC (Figure 1).2°

Since rapamycin induces a relative catabolic state, there
is concern for sarcopenia in the elderly."” However, Mg may

help avert this, especially in the elderly, who are not only
more likely to be Mg-deficient but also more likely to have
increased mTOR activity and autophagy suppression.”* In
short, there is a delicate, complex balance among multiple
Mg-dependent kinases that dynamically determine
optimal mTOR activity, which depends on nutritional
status, energy needs, the inflammatory state, and age."

Magnesium deficiency and mTOR hyperactivity
compromise autophagy, enabling the spread of pathogens.
Viruses have evolved mechanisms to avoid autophagy.
Candida albicans has likewise evolved and can deploy
candidalysin to upregulate mTOR and inhibit autophagy.?
SARS-CoV-2 may persist in individuals with MgD due
to ineffective autophagy and may further manipulate
intracellular mTOR via hyperactivation to suppress
autophagy.”

Angiotensin-converting enzyme and B°AT1 promote
anabolic signaling by mTOR,* which downregulates
autophagy and upregulates intestinal antimicrobial
peptides, microbiome homeostasis, and intestinal barrier
integrity.* Low tryptophan downregulates mTOR
activation.® This reduction may result from impaired
absorption due to disruption of the ACE2/B°AT1
partnership or from increased indoleamine dioxygenase
(IDO)-mediated catabolism of tryptophan (Figure 2).%
Accordingly, early downregulation of mTOR signaling in
LC may reflect low tryptophan levels.”> However, in later
or chronic stages of LC, mTOR signaling may become
dysregulated and relatively hyperactivated in the context
of persistent systemic inflammation, profound fatigue, and
post-exertional myalgia.”

In contrast, persistence of intracellular virus may
directly trigger hyperactivation of mTOR,?” a mechanism
distinct from the disrupted ACE2/B°AT1 pathway for
tryptophan absorption.”” This hyperactivation of mTOR
suppresses autophagy, thereby protecting the virus. This
overactivation of mTOR is also linked to type 2 diabetes
mellitus,?® hypertension,” LC,* chronic fatigue syndrome,*
and post-acute infection syndrome.” Respiratory syncytial
virus and coronaviruses upregulate mTOR,* similar to
the influenza virus,*® hepatitis B virus,*® Epstein-Barr
virus (EBV),* Zika virus,® cytomegalovirus,*® herpes
simplex,” human immunodeficiency virus,”® and Lyme
disease.” Many of these are linked with chronic fatigue.
Not surprisingly, mTOR activity is directly linked to
mitochondrial dysfunction.® Mg is a mitochondrial
antioxidant, and MgD disrupts mitochondrial function
on many levels.” Hyperactivation of Mg-dependent
mTOR may consume Mg and eventually exhaust existing
stores, further disabling autophagy. These linkages are
hypothetical and do not establish causation.
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Figure 1. Role of magnesium (Mg) and rapamycin in longevity. Adenosine monophosphate-activated protein kinase (AMPK) and mechanistic target of
rapamycin (mTOR) are Mg-dependent kinases. Blue boxes denote Mg-dependent pathways. Tryptophan (Tryp), methionine (Met), and branched-chain
amino acids (BCAAs) are neutral essential amino acids. Green arrows indicate activation, red arrows indicate inhibition, and orange arrows denote
hyperactivation. The central node is mTOR, illustrated in its “Goldilocks” zone (green arrows up and down). Mg deficiency and loss of angiotensin-
converting enzyme 2 (ACE2) (nutrient stress) suppress Mg-dependent mTOR and Mg-dependent autophagy (which are otherwise promoted). Cancer
(CA) and intracellular pathogens promote hyperactivity of mTOR and suppress autophagy (promoting their replication). With aging, mTOR regulation
becomes impaired, leading to persistent suppression of autophagy and contributing to non-lethal cellular senescence, as reflected in phenotypes such as

hair graying and skin wrinkling. Image created using Flowchart Designer 3 (https://lightgraphics.ltd/flowchart3/index.html).

Abbreviation: AMP: Antimicrobial peptide.

Candida overgrowth can also activate mTOR with a
negative impact on CD8* T cell function.*” Rapamycin,
an mTOR inhibitor,” is reportedly beneficial in LC, and
clinical trials evaluating its efficacy are currently ongoing.
As an inducer of autophagy, rapamycin has been studied for
potential anticancer effects and may also exhibit antifungal
activity, including against Candida species.***> Rapamycin
may also help offset some of the detrimental consequences
associated with dysregulated mTOR signaling under
conditions of low mTOR activity, including gut microbiome
homeostasis*® and intestinal barrier integrity.*” Rapamycin
may not only inhibit mTOR hyperactivation but also, as
an inducer of autophagy, limit Candida overgrowth and
thereby indirectly influence IDO-mediated tryptophan
metabolism. Such effects may, in turn, modulate IDO-
mediated immunosuppressive signaling.* The physiology
of mTOR is complex, and IDO may represent an important
interacting component within this network.

3.Long COVID and tryptophan metabolism

The gut microbiota do not require ACE2 or B°AT1 to
access luminal tryptophan. Supplemental tryptophan and
nicotinamide improve symptoms in ACE2 knockout mice
and may rebalance the gut microbiome and upregulate
antimicrobial peptides in the apical mucus layer.*® Most,
if not all, microbial tryptophan metabolites, i.e., indole
derivatives that promote longevity, require Mg-dependent
activated B vitamins, especially B2, B3, B5, B6, and some
Mg-dependent cytochrome P450 enzymes. These reduce
intestinal permeability and alleviate inflammation (Figure
2).% In the host, tryptophan-dependent nicotinamide
adenine dinucleotide helps slow cognitive decline (Figure
2).50

Recent research in long haulers reported low levels
of tryptophan, but no increments were observed in the
kynurenine pathway metabolites (Figure 3), suggesting that
the kynurenine to tryptophan ratio (K/T) elevation in long
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Figure 2. Role of magnesium ions (Mg?*) in all three tryptophan metabolism pathways. Elevated indoleamine dioxygenase (IDO) and interferon gamma
(IFN-y) characterize long COVID (LC) and Candida overgrowth. Mg deficiency downregulates nicotinamide adenine dinucleotide (NAD+) production,
the serotonin pathway, and the microbial indole pathway, linked to longevity. Image created using Flowchart Designer 3 (https://lightgraphics.ltd/

flowchart3/index.html).
Abbreviation: NMDA-R: N-methyl-D-aspartate receptor.

haulers may be due more to low tryptophan than elevated
kynurenines.” However, if elevation of K/T persists and
kynurenine pathway metabolites increase, long-term
risks for cancer, autoimmune disease, cardiovascular
disease, dementia, and obesity would also increase.”> Low
tryptophan is negatively linked to cardiovascular disease,”
dementia,” chronic fatigue syndrome, fibromyalgia,*
and cancer risk,* while elevated kynurenine metabolites
have been implicated in similar conditions. LC has been
reported to be associated with increased IDO* and
interferon gamma activity (Figures 1 and 2).°® Similar
immune-metabolic alterations have also been described in
the context of Candida overgrowth.”*® These overlapping
immunometabolic features may be relevant to the observed
sex differences in LC prevalence.

4, Serotonin

Two 2025 studies® reported a link between LC and
increased galanin, a neuropeptide, and increased alpha-

amino-3-hydroxy-5-methylisoxazole-4-propionic ~ acid
receptor (AMPAR) density. One study revealed increased
galanin system activation and insulin resistance in the
majority of long haulers.®" Galanin, via its receptor GR1,
is a potent inhibitor of serotonergic neurotransmission,%
while GR2 promotes serotonergic neurotransmission.®® A
substantial proportion of individuals with LC responded
well to selective serotonin reuptake inhibitors,® which have
also been proposed as potentially preventive or modulatory
agents in LC.” Mg enhances serotonin receptor function
and promotes serotonin signaling.*®

Insulin resistance is inversely linked to Mg® and may
contribute to altered metabolic signaling. It has also been
linked to increased galanin expression in the context of
elevated fasting blood glucose.”” Insulin resistance is a
primary determinant of chronic fatigue in LC.”* Moreover,
obesity increases galanin’ and is a common feature of
long haulers.”” Galanin in obese women may exceed that
observed in non-obese men and women, and is reported
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Figure 3. The three pathways available for tryptophan metabolism. Red arrows/boxes indicate inhibition or negative effects; green arrows/boxes indicate
activation or positive effects. Image created using Flowchart Designer 3 (https://lightgraphics.ltd/flowchart3/index.html).

Abbreviations: AID: Autoimmune disease; CVD: Cardiovascular disease; IDO: Indoleamine dioxygenase; IFN: Interferon; K/T: Kynurenine to tryptophan;
LC: Long COVID; T2DM: Type 2 diabetes mellitus; WNL: Within normal limits.

to be higher in premenopausal women,” who are more
susceptible to LC. Surprisingly, galanin (and tryptophan®)
suppresses hyphal morphogenesis in Candida albicans, and
Candida overgrowth can upregulate galanin production.”

A recent study by Japanese researchers revealed that
AMPAR density is directly linked to cognitive impairment
in LC.’¢ The ratio of AMPARs to N-methyl-D-aspartate
receptors is very high in the dorsal raphe nucleus,” the
brain’s major serotonin-producing center, suggesting that
serotonin depletion may increase AMPAR levels.”

5.Long COVID and one-carbon metabolism

Methionine is critical to one-carbon metabolism, which
in turn affects methylation (Figure 3). Methylation is
dependent on Mg, zinc, and some B vitamins, all of which
require Mg-dependent phosphorylation (B1,2,3,5,6,7) or
methylation (B9, 12) for activation.

Abnormal methylation has been proposed as central to
many LC symptoms, such as fatigue, memory complaints,
and sleep disturbance.” A reduction in methionine could
also compromise one-carbon metabolism (Figure 4).
Furthermore, methionine synthase connects the folate and
methionine cycles (Figure 4). Acetaldehyde produced by

Candida albicans generates reactive oxygen species that
can compromise B12, a cofactor required for methionine
synthase.

Homocysteine levels, which are associated with
cognitive decline, were found to be persistently elevated
following COVID-19 infection.*® Elevated levels are also
associated with the MTHFR 677T variant,* which is
common among Americans. The MTHFR 677T variant
has been associated with COVID-19 susceptibility®> and
severity.” In addition, homocysteine levels—which are
influenced by MTHFR activity—have been implicated
across COVID-19 infection, severe COVID-19, and LC.
Deficiencies of Mg-dependent B9 and B12 aggravate this
linkage, which predisposes to LC.3%

Transmembrane serine protease 2 is a key facilitator
for SARS-CoV-2 entry and disease progression. Mg has
been reported to induce differential DNA methylation of
TMPRSS2 genes, thereby preventing viral entry.® This is
particularly relevant in the context of LC, where a tendency
toward global DNA hypermethylationhasbeenreported.?”*
Hypermethylation and hyperhomocysteinemia, associated
with skeletal muscle dysfunction and fatigue,* may be
mechanistically linked. Increased methylation activity
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may reflect greater reliance on the betaine-homocysteine
methyltransferase pathway (Figure 4),” which serves as an
alternative to the main folate-dependent pathway when
methylenetetrahydrofolate reductase function is impaired.
Elevated homocysteine may further drive flux through this
pathway. This betaine homocysteine methyltransferase
pathway is also linked to multiple sclerosis,” a condition
that has been reported to share clinical and mechanistic
features with LC, particularly in the context of low vitamin
D (VD) status.”” Hyperhomocysteinemia can, in turn,
increase K/T (Figure 3).” However, these linkages are
hypothetical and do not establish causality.

6. Microbial and host determinants of long
CoviD

Gut dysbiosis is an imbalance in the gut microbiome that
may arise from frequent antibiotic use or a poor diet.
Periodontitis, a marker of gut dysbiosis, may increase the
risk of LC,* a risk that is aggravated by MgD,” leading to
Candida overgrowth. Candida albicans produces its own
IDO,” which degrades tryptophan and may create an
optimal environment for LC progression. Tryptophan also
inhibits hyphal morphogenesis,” and reduced absorption
should favor Candida’s role as a pathobiont. Candidalysin
hyperactivates mTOR and suppresses autophagy? The
hypothesis that Candida overgrowth may contribute to the
etiology of chronic fatigue syndrome has been proposed
for over three decades.”® Indeed, it may re-emerge as a
co-conspirator with SARS-CoV-2 in LC.*”*® Alcohol and
refined carbohydrates are known to promote the growth
of the commensal fungus Candida albicans. It has been
hypothesized that Candida overgrowth may play an
intermediary role in modulating galanin levels. In addition,
Candida may sequester intestinal Mg**, potentially further
compromising Mg absorption in already deficient states.”

Over 60% of those who recover from COVID-19 have
persistent gastrointestinal symptoms.'® Small intestinal
mucosa is rich in ACE2 receptors, and many long haulers
report the presence of mucosal spike (S) protein.'”!
Persistent fecal viral RNA shedding'® has been associated
with gut dysbiosis, which has been reported in up to
75% of individuals with LC.*** Dysbiosis may contribute
to increased intestinal permeability and subsequent
translocation of microbial products, potentially promoting
systemic inflammation and elevated autoimmune risk. In
addition, the LC-associated microbiome is characterized
by a shortage of butyrate-producing bacteria.'

Persistent circulating spike protein has also been
reported in LC.' One proposed mechanism involves
infection of ACE2-expressing CD8* T cells, in which
spike-dependent, ACE2-mediated signaling may facilitate

immune escape.'® The role of EBV reactivation in COVID-
19 remains unclear, with ongoing debate as to whether it
is incidental or contributory.'”” Individuals with LC have
been reported to have high EBV titers.'® Although EBV
invades B lymphocytes, the primary immune response
to EBV is a striking proliferation of EBV-specific CD8* T
cells.'® In long haulers, the presence of spike (S) protein
in CD8" T cells may herald reactivation of EBV.""® Mg
is essential for CD8* T cell signaling, augmenting T cell
activation and function."! In addition, CD8" T cells play
a role in controlling Candida overgrowth and inhibiting
hyphal morphogenesis.'

Estrogen can promote CD8" T cell dysfunction and
exhaustion.!® Recent research on over 12,000 individuals
has underscored the gender predilection for LC.'
Interferon gamma is considered the most potent IDO-
activating cytokine,""* which drives the increase in K/T
(Figure 2). Females have been reported to exhibit stronger
interferon gamma responses, which play important
roles in host defense and pro-inflammatory signaling.!*¢
However, when sustained, elevated interferon gamma
activity may dysregulate the innate immune response by
reducing the alternative complement response to Candida
overgrowth.'”

7.Long COVID and magnesium

Long COVID represents a sustained pro-inflammatory
state,)® and the spike protein of SARS-CoV-2 is the
primary mechanism underlying its pathogenesis.’> VD is
widely regarded as essential to overall health, particularly
for preventing LC. Mg is essential for VD metabolism
(Figure 5)."*"2! MgD is an inflammatory agent'**'** and
is particularly linked to deterioration in brain health.'”
SARS-CoV-2 invasion triggers ACE2-mediated activation
of nuclear factor kappa B, which increases the levels of
tumor necrosis factor alpha, interleukin (IL)-1pB, IL-6, and
high-sensitivity C-reactive protein.* Mg supplementation
has been shown to decrease circulating levels of high-
sensitivity C-reactive protein, tumor necrosis factor alpha,
and IL-6.° Moreover, Mg is vital for immune regulation
and helps downregulate chronic inflammation, infectious
diseases, and cancer.'”

About 60% of adults do not achieve the average dietary
intake for Mg, and 45% of Americans are MgD.> However,
thetrueburden maybeunderestimated. A typicallaboratory
reference range for serum magnesium is 0.75-0.95 mmol/L
(1.8-2.3 mg/dL), yet individuals within the lower half of
this range have been associated with increased risks of
insulin resistance,'”® migraines, premenstrual syndrome,
and depression.'”*"*® This condition, previously termed
normo-magnesemic MgD, is now known as chronic latent
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Figure 4. Role of magnesium (Mg) in the folate and methionine cycles. Enzymes and cofactors are depicted in green, while substrates are depicted in pink.
Image created using Lucidchart (https://www.lucidchart.com/pages).

Abbreviations: ATP: Adenosine triphosphate; BHMT: Betaine homocysteine methyltransferase; DMG: Dimethylglycine; GNMT: Glycine-N-
methyltransferase; GSH: Reduced glutathione; GSSH: Oxidized glutathione; Hey: Homocysteine; MS: Methionine synthase; MTHE: Methyltetrahydrofolate;
SAH: S-adenosylhomocysteine; SHMT: Serine hydroxymethyltransferase; THF: Tetrahydrofolate; TMG: Trimethylglycine (aka betaine); ZN: Zinc.

Figure 5. Role of magnesium (Mg) across the three forms of vitamin D (VD). All enzymatic steps involved in the conversion of VD3 to its active form,
1,25-dihydroxyvitamin D3 (1,25[OH],D3), including vitamin D binding protein interaction, parathormone (PTH) synthesis, and PTH secretion, are
Mg-dependent. Many enzymes and cofactors involved in the synthesis of 7-dehydrocholesterol (7-DHC) from acetate are also Mg-dependent. Image using
Flowchart Designer 3 (https://lightgraphics.ltd/flowchart3/).

Abbreviations: ATP: Adenosine triphosphate; VDBP: Vitamin D-binding protein.
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MgD. Calcium competes with Mg for the same receptors,
and a dietary intake ratio of approximately 2:1 (Ca:Mg) has
traditionally been recommended.”** However, data from
the National Health and Nutrition Examination Survey
indicate that the average intake ratio in the United States
has exceeded 3:1 since 2000.'*

Magnesium is required for multiple steps in
VD metabolism, including processes related to
7-dehydrocholesterol, the substrate for cutaneous VD,
synthesis, as well as the conversion to 25-hydroxyvitamin
D (25[OH]D) and its activation to 1,25-dihydroxyvitamin
D (1,25[OH],D). Deficiencies in both VD and Mg have
been associated with increased symptom severity in LC
(Figure 5).'"

Furthermore, Mg is critical for the synthesis and
secretion of parathyroid hormone (PTH)."* MgD can
therefore contribute to refractory hypocalcemia. Although
this phenomenon is most clearly observed when serum Mg
approaches 0.5 mmol/L, one must also consider the effect of
MgD (0.5-0.75 mmol/L) on intestinal absorption and renal
tubular reabsorption. These processes involve the calcium-
sensing receptor and the transient receptor potential
melastatin 7 channels. The calcium-sensing receptor is a
Mg-dependent G-protein-coupled receptor, whereas the
transient receptor potential melastatin 7 channel functions
via the adenosine triphosphate-Mg complex. Together,
these pathways suggest a graded spectrum of Mg-related
dysregulation rather than a strict threshold effect.

Vitamin D also increases serotonin by repressing
serotonin reuptake and degradation.””’ In addition to the
synthesis of VD, Mg facilitates the activation of all eight
B vitamins, vitamins A, E, and K, all cytochrome P450
enzymes,'” and all ATP-dependent reactions. Over 80% of
known metabolic functions are Mg-dependent.?

This raises two practical questions: how to assess Ca:Mg
balance, and how to correct potential imbalances. The
French physiologist, founder of the International Society
for Research on Magnesium in 1971, recommended a 2:1
Ca:Mg intake by weight.””! Under steady-state conditions,
dietary intake may loosely relate to physiological ionized
Ca:Mg (unbound forms) in mmol/L. Interactions between
elements occur through both molar and electrochemical
mechanisms.

When applying laboratory reference ranges for serum
Mg, the ratio of ionized to total Mg approximates 70% at
both the lower and upper limits. However, for calcium, the
ionized fractions are close to 50% at both the lower and
upper limits. When expressed in molar terms (calcium = 40
mg/mol; Mg = 24 mg/mol) and considering physiologically

active (ionized) fractions, these values broadly align with
the historically proposed dietary Ca:Mg intake ratio of
approximately 2:1, using mean serum concentrations
(calcium: 8.5-10.5 mg/dL; Mg: 1.8-2.2 mg/dL).

If red blood cell Mg is assumed to be approximately
6.0 mg/dL,"** which is about three times the mean serum
Mg, then extrapolations from total body distributions of
calcium and Mg in whole blood (~5 L) suggest a dietary
intake ratio closer to 3:2 in healthy adults. This assumes
equivalent absorption rates, which are highly dependent
on VD levels (Figure 5).

A joint American/Chinese study recommended a
balanced Ca:Mg ratio of 1.7-2.63 (weight-to-weight),'**
with increased risks of morbidity and mortality outside this
range. This is especially important for COVID-19, where
reported Ca:Mg ratios were higher among hospitalized
patients, higher still in intensive care unit patients (4-5),
and highest among non-survivors (>5)."*¢ The implications
for LC should not be underestimated.

When Ca:Mg is elevated, and VD is considered
sufficient (over 30 ng/mL), calcium intake should be
reduced before increasing Mg intake. A 2018 study showed
that when Ca:Mg intake exceeds 3.5 and 25(OH)D exceeds
30 ng/mL, increasing Mg intake may suppress VD. At 30
ng/mL, the additional Mg may further suppress PTH and
VD (Figure 6).'

As previously discussed, many are familiar with the
physiologic needs and role of Mg in optimal health,
suggesting that the lower limit of the laboratory reference
range for serum magnesium be raised from 0.75 mg/
dL to 0.85 mg/dL. If the Ca:Mg is then recalculated, the
optimal range reduces from 1.7-2.6 to 1.7-2.3, bracketing
Durlach’s recommendation of 2:1 Ca:Mg intake (weight-
to-weight). The slope of the upper line in Figure 6 would be
much flatter, and the area of optimal Ca:Mg balance would
be smaller. To directly link the two balanced ratio ranges,
i.e,, Ca:Mg weight-to-weight and ionized Ca:Mg mmol
to mmol, one must assume equivalent absorption. With
VD deficiency, calcium absorption may drop to 10-15%,
whereas Mg absorption is approximately equivalent to 35%
when 25(OH)D, is about 30 ng/mL. In summary, Mg is
a calcium channel blocker; Ca and Mg both compete for
the same receptors, such as transient receptor potential
melastatin 7 and calcium-sensing receptor (both are
Mg-dependent). PTH secretion is likewise regulated by
both calcium and Mg, with calcium serving as the primary
physiological driver and Mg modulating this response.
Accordingly, the physiological effects of calcium, Mg,
and VD are interdependent and cannot be meaningfully
evaluated in isolation.
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Figure 6. The interlinkage of calcium (Ca) and magnesium (Mg). It is an approximation based on specific laboratory reference ranges (derived from
healthy adults) that may differ slightly by region. Lines represent the upper and lower limits of a balanced serum Ca:Mg, where 1.7 < Ca:Mg < 2.5.
Mean Ca:Mg on a Western diet (hypercalcemia) has been over 3:1 since 2000."*>'* Image created using Flowchart Designer 3 (https://lightgraphics.ltd/

flowchart3/index.html).
Abbreviations: PTH: Parathormone; WNL: Within normal limits.

8. Conclusion

Numerous studies have hypothesized that the pathogenesis
of LC involves dysfunction of the ACE2/B°ATI1 axis,
leading to reduced tryptophan absorption.'*'*! Others
have proposed hyperactivation of mTOR and suppression
of autophagy. The proposed hypothesis combines and
expands on these to include:

(i) ACE2/B°AT1-mediated reductions in the availability
of tryptophan and other essential neutral amino acids,
e.g., methionine.

(ii) the biochemical impact of methionine deficiency on
one-carbon metabolism.

(iii) the physiologic impact of reduced tryptophan
availability, causing underactivation of mTOR,
reduced antimicrobial peptide production, and
increased intestinal permeability.

(iv) the underactivation of mTOR and the upregulation of

Mg-dependent autophagy during nutrient stress, i.e.,
low essential neutral amino acids.

(v) the deleterious impact of persistent intracellular
SARS-CoV-2 directly causing overactivation of
mTOR, independent of ACE2/B°AT1, which may be
potentially modulated by rapamycin.

(vi) the importance of Mg in maintaining Ca:Mg balance
and modulating susceptibility to LC.

(vii)the central role of Mg in one-carbon metabolism,
tryptophan metabolism, mTOR function and
signaling, autophagy, and VD synthesis.

(viii)the possibility that gut dysbiosis in LC may enable
Candida overgrowth, with candidalysin contributing
to mTOR upregulation.”**

Symptoms of LC vary significantly across patients.
This may be due to the widely disparate predisposing
factors that affect its pathogenesis, including persistent
spike S load in enterocytes, MgD, VD deficiency, ACE2/
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B°AT1-mediated neutral amino acid deficiencies, the 677T
MTHEFR variant, and estrogen-induced gut dysbiosis.
Many studies examining serotonin levels and the efficacy
of selective serotonin reuptake inhibitors in long haulers
address this proposed ACE2/B°AT1-mediated mechanism.
In conclusion, deficiencies of Mg and Mg-dependent VD
not only further exacerbate LC but also compromise
general health.

Acknowledgments

None.

Funding

None.

Conflict of interest

The author declares he has no competing interests.

Author contributions

This is a single-authored article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

Further disclosure

A preprint version of this article has been deposited into
Research Gate (doi: 10.13140/RG.2.2.35115.30242).

References

1.  Ashraf UM, Abokor AA, Edwards JM, et al. SARS-CoV-2,
ACE2 expression, and systemic organ invasion. Physiol
Genomics. 2021;53(2):51-60.

doi: 10.1152/physiolgenomics.00087.2020

2. Workinger JL, Doyle RP, Bortz J. Challenges in the Diagnosis
of Magnesium Status. Nutrients. 2018; 10(9):1202.

doi: 10.3390/nu10091202

3. de Melo BP, da Silva JAM, Rodrigues MA, et al. SARS-
CoV-2 Spike Protein and Long COVID-Part 1: Impact of
Spike Protein in Pathophysiological Mechanisms of Long
COVID Syndrome. Viruses. 2025;17(5):617.

doi: 10.3390/v17050617

4. Zhang Y, Yan R, Zhou Q. ACE2, B°AT1, and SARS-CoV-2
spike protein: Structural and functional implications. Curr

10.

11.

12.

13.

14.

15.

Opin Struct Biol. 2022;74:102388.
doi: 10.1016/j.sbi.2022.102388

Oudit GY, Wang K, Viveiros A, Kellner MJ, Penninger
JM. Angiotensin-converting enzyme 2-at the heart of the
COVID-19 pandemic. Cell. 2023;186(5):906-922.

doi: 10.1016/j.cell.2023.01.039

Broer S. Intestinal Amino Acid Transport and Metabolic
Health. Annu Rev Nutr. 2023;43:73-99.

doi: 10.1146/annurev-nutr-061121-094344

Javed K, Cheng Q, Carroll AJ, Truong TT, Bréer S.
Development of Biomarkers for Inhibition of SLC6A19
(B°AT1)—A Potential Target to Treat Metabolic Disorders.
Int ] Mol Sci. 2018;19(11):3597.

doi: 10.3390/ijms19113597

Zhang, T, Zeng, Q, Xu, C, et al. Structural basis of aromatic
amino acid recognition by the human ACE2-BOATI
transporter complex. OSHM. 2025;1(3):9610033.

doi: 10.26599/0SHM.2025.9610033

Calder PC. Branched-chain amino acids and immunity. J
Nutr. 2006;136(1 Suppl):288S-293S.

doi: 10.1093/jn/136.1.288s

Xu M, Hu D, Liu X, Li Z, Lu L. Branched-Chain Amino
Acids and Inflammation Management in Endurance
Sports: Molecular Mechanisms and Practical Implications.
Nutrients. 2025;17(8):1335.

doi: 10.3390/nul17081335

Payne R, Pring T, Hey M, Payne G, Greenhalgh T. Muscle
weakness post-COVID: a practical guide for primary care.
Br ] Gen Pract. 2024;74(749):573-575.

doi: 10.3399/bjgp24X740229

Bergamaschi L, Mescia F, Turner L, et al. Longitudinal
analysis reveals that delayed bystander CD8+ T cell
activation and early immune pathology distinguish severe
COVID-19 from mild disease. Immunity. 2021;54(6):1257-
1275.e8.

doi: 10.1016/j.immuni.2021.05.010

Guntur VP, Nemkov T, de Boer E, et al. Signatures of
Mitochondrial Dysfunction and Impaired Fatty Acid
Metabolism in Plasma of Patients with Post-Acute Sequelae
of COVID-19 (PASC). Metabolites. 2022;12(11):1026.

doi: 10.3390/metabo12111026

Habib SL. Mechanism of Activation of AMPK and
Upregulation of OGG1 by Rapamycin in Cancer Cells.
Oncotarget. 2011;2(12):958-959.

doi: 10.18632/oncotarget.381

Chen S, Luo S, Zou B, et al. Magnesium Supplementation
Stimulates Autophagy to Reduce Lipid Accumulation in

Volume 3 Issue 4 (2026) 10

doi: 10.36922/MI1025500131


https://doi.org/10.36922/MI025500131
https://doi.org/10.13140/RG.2.2.35115.30242
https://doi.org/10.1152/physiolgenomics.00087.2020
https://doi.org/10.1152/physiolgenomics.00087.2020
https://doi.org/10.3390/nu10091202
https://doi.org/10.3390/nu10091202
https://doi.org/10.3390/v17050617
https://doi.org/10.3390/v17050617
https://doi.org/10.1016/j.sbi.2022.102388
https://doi.org/10.1016/j.sbi.2022.102388
https://doi.org/10.1016/j.cell.2023.01.039
https://doi.org/10.1016/j.cell.2023.01.039
https://doi.org/10.1146/annurev-nutr-061121-094344
https://doi.org/10.1146/annurev-nutr-061121-094344
https://doi.org/10.3390/ijms19113597
https://doi.org/10.3390/ijms19113597
https://doi.org/10.26599/OSHM.2025.9610033
https://doi.org/10.26599/OSHM.2025.9610033
https://doi.org/10.1093/jn/136.1.288s
https://doi.org/10.1093/jn/136.1.288s
https://doi.org/10.3390/nu17081335
https://doi.org/10.3390/nu17081335
https://doi.org/10.3399/bjgp24X740229
https://doi.org/10.3399/bjgp24X740229
https://doi.org/10.1016/j.immuni.2021.05.010
https://doi.org/10.1016/j.immuni.2021.05.010
https://doi.org/10.3390/metabo12111026
https://doi.org/10.3390/metabo12111026
https://doi.org/10.18632/oncotarget.381
https://doi.org/10.18632/oncotarget.381

Microbes & Immunity

Long COVID targets low magnesium and low ACE2

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hepatocytes via the AMPK/mTOR Pathway. Biol Trace Elem
Res. 2023;201(7):3311-3322.

doi: 10.1007/s12011-022-03438-6

Dominguez L], Veronese N, Barbagallo M. Magnesium and
the Hallmarks of Aging. Nutrients. 2024;16(4):496.

doi: 10.3390/nu16040496

Moel M, Harinath G, Lee V, et al. Influence of rapamycin on
safety and healthspan metrics after one year: PEARL trial
results. Aging. 2025;17(4):908-936.

doi: 10.18632/aging.206235

Széke K, Bodi B, Hendrik Z, et al. Rapamycin treatment
increases survival, autophagy biomarkers and expression of
the anti-aging klotho protein in elderly mice. Pharmacol Res
Perspect. 2023;11(3):e01091.

doi: 10.1002/prp2.1091

Hindupur SK, Gonzalez A, Hall MN. The opposing actions
of target of rapamycin and AMP-activated protein kinase
in cell growth control. Cold Spring Harb Perspect Biol.
2015;7(8):a019141.

doi: 10.1101/cshperspect.a019141

Ashraf MS, Tuli K, Moiz S, Sharma SK, Sharma D, Adnan M.
AMP kinase: A promising therapeutic drug target for post-
COVID-19 complications. Life Sci. 2024;359:123202.

doi: 10.1016/j.1fs.2024.123202

Lees MJ, Hodson N, Tinline-Goodfellow CT, Fung HJW,
Elia A, Moore DR. Challenges of rapamycin repurposing as a
potential therapeutic candidate for COVID-19: implications
for skeletal muscle metabolic health in older persons. Am |
Physiol Endocrinol Metab. 2022;322(6):E551-E555.

doi: 10.1152/ajpendo.00064.2022

Yang SW, Chen YY, Chen WL. Association between oral
intake magnesium and sarcopenia: a cross-sectional study.
BMC Geriatr. 2022;22(1):816.

doi: 10.1186/s12877-022-03522-5

Flanagan PR, Liu N, Fitzpatrick D], Hokamp K, Kohler JR,
Moran GP. The Candida albicans TOR-Activating GTPases
Gtrl and Rhb1 Coregulate Starvation Responses and Biofilm
Formation. mSphere. 2017;2(6).

doi: 10.1128/mSphere.00477-17

Yusuf F, Fahriani M, Mamada SS, et al. Global prevalence
of prolonged gastrointestinal symptoms in COVID-19
survivors and potential pathogenesis: A systematic review
and meta-analysis. F1I000Res. 2021;10:301.

doi: 10.12688/f1000research.52216.1

Igbal NT, Khan H, Khalid A, et al. Chronic inflammation
in post-acute sequelae of COVID-19 modulates gut
microbiome: a review of literature on COVID-19 sequelae
and gut dysbiosis. Mol Med. 2025;31(1).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

doi: 10.1186/s10020-024-00986-6

Metz R, Rust S, DuHadaway JB, et al. IDO inhibits a
tryptophan sufficiency signal that stimulates mTOR: A novel
IDO effector pathway targeted by D-1-methyl-tryptophan.
Oncolmmunology. 2012;1(9);1460-1468.

doi: 10.4161/0nci.21716

Bar-Tana, J. mTORC1 syndrome (TorS): unifying paradigm
for PASC, ME/CFS and PAIS. ] Transl Med. 2025;23(1).

doi: 10.1186/s12967-025-06220-z

Guillén C, Benito M. mTORC1 Overactivation as a Key
Aging Factor in the Progression to Type 2 Diabetes Mellitus.
Front Endocrinol. 2018;9:621.

doi: 10.3389/fend0.2018.00621

Mullen PJ, Garcia G, Purkayastha A, et al. SARS-CoV-2
infection rewires host cell metabolism and is potentially
susceptible to mTORCI inhibition. Nat Commun.
2021;12(1).

doi: 10.1038/s41467-021-22166-4

Missailidis D, Annesley SJ, Allan CY, et al. An Isolated
Complex V Inefficiency and Dysregulated Mitochondrial
Function in Immortalized Lymphocytes from ME/CFS
Patients. Int ] Mol Sci. 2020;21(3):1074.

doi: 10.3390/ijms21031074

Huynh H, Levitz R, Huang R, et al. mTOR kinase is a
therapeutic target for respiratory syncytial virus and
coronaviruses. Sci Rep. 2021:11(1).

doi: 10.1038/s41598-021-03814-7

Kuss-Duerkop SK, Wang J, Mena I, et al. Influenza
virus differentially activates mTORC1 and mTORC2
signaling to maximize late stage replication. PLoS Pathog.
2017;13(9):e1006635.

doi: 10.1371/journal.ppat.1006635

Wang X, Wei Z, Jiang Y, et al. mTOR Signaling: The Interface
Linking Cellular Metabolism and Hepatitis B Virus
Replication. Virol Sin. 2021;36(6):1303-1314.

doi: 10.1007/s12250-021-00450-3

Zhu N, Wang Q, Wu Z, Wang Y, Zeng M, Yuan Y. Epstein-
Barr Virus LMP1-Activated mTORC1 and mTORC2
Coordinately Promote Nasopharyngeal Cancer Stem Cell
Properties. ] Virol. 2022;96(5).

doi: 10.1128/jvi.01941-21

Sahoo BR, Pattnaik A, Annamalai AS, Franco R, Pattnaik
AK. Mechanistic Target of Rapamycin Signaling Activation
Antagonizes Autophagy To Facilitate Zika Virus Replication.
J Virol. 2020;94(22).

doi: 10.1128/jvi.01575-20

Poglitsch M, Weichhart T, Hecking M, et al. CMV late
phase-induced mTOR activation is essential for efficient

Volume 3 Issue 4 (2026)

doi: 10.36922/MI1025500131


https://doi.org/10.36922/MI025500131
https://doi.org/10.1007/s12011-022-03438-6
https://doi.org/10.1007/s12011-022-03438-6
https://doi.org/10.3390/nu16040496
https://doi.org/10.3390/nu16040496
https://doi.org/10.18632/aging.206235
https://doi.org/10.18632/aging.206235
https://doi.org/10.1002/prp2.1091
https://doi.org/10.1002/prp2.1091
https://doi.org/10.1101/cshperspect.a019141
https://doi.org/10.1101/cshperspect.a019141
https://doi.org/10.1016/j.lfs.2024.123202
https://doi.org/10.1016/j.lfs.2024.123202
https://doi.org/10.1152/ajpendo.00064.2022
https://doi.org/10.1152/ajpendo.00064.2022
https://doi.org/10.1186/s12877-022-03522-5
https://doi.org/10.1186/s12877-022-03522-5
https://doi.org/10.1128/mSphere.00477-17
https://doi.org/10.1128/mSphere.00477-17
https://doi.org/10.12688/f1000research.52216.1
https://doi.org/10.12688/f1000research.52216.1
https://doi.org/10.1186/s10020-024-00986-6
https://doi.org/10.1186/s10020-024-00986-6
https://doi.org/10.4161/onci.21716
https://doi.org/10.4161/onci.21716
https://doi.org/10.1186/s12967-025-06220-z
https://doi.org/10.1186/s12967-025-06220-z
https://doi.org/10.3389/fendo.2018.00621
https://doi.org/10.3389/fendo.2018.00621
https://doi.org/10.1038/s41467-021-22166-4
https://doi.org/10.1038/s41467-021-22166-4
https://doi.org/10.3390/ijms21031074
https://doi.org/10.3390/ijms21031074
https://doi.org/10.1038/s41598-021-03814-7
https://doi.org/10.1038/s41598-021-03814-7
https://doi.org/10.1371/journal.ppat.1006635
https://doi.org/10.1371/journal.ppat.1006635
https://doi.org/10.1007/s12250-021-00450-3
https://doi.org/10.1007/s12250-021-00450-3
https://doi.org/10.1128/jvi.01941-21
https://doi.org/10.1128/jvi.01941-21
https://doi.org/10.1128/jvi.01575-20
https://doi.org/10.1128/jvi.01575-20

Microbes & Immunity

Long COVID targets low magnesium and low ACE2

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

virus replication in polarized human macrophages. Am |
Transpl. 2012;12(6):1458-1468.

doi: 10.1111/j.1600-6143.2012.04002.x

Vink EI, Smiley JR, Mohr L. Subversion of Host Responses to
Energy Insufficiency by Us3 Supports Herpes Simplex Virus
1 Replication during Stress. ] Virol. 2017;91(14).

doi: 10.1128/JV1.00295-17

Kumar B, Arora S, Ahmed S, Banerjea AC. Hyperactivation
of mammalian target of rapamycin complex 1 by HIV-1 is
necessary for virion production and latent viral reactivation.
FASEB J. 2017;31(1):180-191.

doi: 10.1096/1).201600813r

Fronticelli Baldelli G, Buonsenso D. Proposed Mechanistic
Axis of Infections and mTOR Hyperactivation: A
Multidisciplinary Review of Immune, Rheumatologic, and
Psychiatric Links. Children. 2025;12(12):1603.

doi: 10.3390/children12121603

Khan NA, Nikkanen J, Yatsuga S, et al. mTORCI Regulates
Mitochondrial Integrated Stress Response and Mitochondrial
Myopathy Progression. Cell Metab. 2017;26(2):419-428.e5.

doi: 10.1016/j.cmet.2017.07.007

Liu M, Dudley SC Jr. Magnesium, Oxidative Stress,
Inflammation, and Cardiovascular Disease. Antioxidants.
2020;9(10):907.

doi: 10.3390/antiox9100907

Zhang J, Cui N, Wang H, Han W, Bai G, Cheng W. Impact
of mTOR signaling pathway on CD8+ T cell immunity
through Eomesodermin in response to invasive candidiasis.
J Microbiol Immunol Infect. 2021;54(3):370-378.

doi: 10.1016/j.jmii.2021.03.021

Stanciu SM, Jinga M, Miricescu D, et al. mTOR
Dysregulation, Insulin Resistance, and Hypertension.
Biomedicines. 2024;12(8):1802.

doi: 10.3390/biomedicines12081802

Yang Z, Wang X, Dong T, Zhao WJ, Li H. Impact of
glucocorticoids and rapamycin on autophagy in Candida
glabrata-infected macrophages from BALB/c mice. Front
Immunol. 2024;15:1367048.

doi: 10.3389/fimmu.2024.1367048

Cruz MC, Goldstein AL, Blankenship J, et al. Rapamycin
and Less Immunosuppressive Analogs Are Toxic to
Candida albicans and Cryptococcus neoformans via
FKBP12-Dependent Inhibition of TOR. Antimicrob Agents
Chemother. 2001;45(11):3162-3170.

doi: 10.1128/AAC.45.11.3162-3170.2001

Wu L, Kensiski A, Gavzy SJ, et al Rapamycin
immunomodulation utilizes time-dependent alterations
of lymph node architecture, leukocyte trafficking, and gut

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

microbiome. JCI Insight. 2025;10(8):e186505.
doi: 10.1172/jci.insight.186505

Xu Y, Ou J, Zhang C, et al. Rapamycin promotes the
intestinal barrier repair in ulcerative colitis via the mTOR/
PBLD/AMOT signaling pathway. Biochim Biophys Acta Mol
Basis Dis. 2024;1870(7):167287.

doi: 10.1016/j.bbadis.2024.167287

Hashimoto T, Perlot T, Rehman A, et al. ACE2 links amino
acid malnutrition to microbial ecology and intestinal
inflammation. Nature. 2012;487(7408):477-481.

doi: 10.1038/nature11228.

Peng Z, Zhang J, Zhang M, Yin L, Zhou Z, Lv C. Tryptophan
metabolites relieve intestinal Candida albicans infection by
altering the gut microbiota to reduce IL-22 release from
group 3 innate lymphoid cells of the colon lamina propria.
Food Funct. 2024;15(10):5364-5381.

doi: 10.1039/d4f0o00432a

Shen X, Yang L, Liu YY, Jiang L, Huang JE Association
between dietary niacin intake and cognitive function in the
elderly: Evidence from NHANES 2011-2014. Food Sci Nutr.
2023;11(8):4651-4664.

doi: 10.1002/fsn3.3428

Almulla AE Thipakorn Y, Zhou B, Vojdani A, Paunova R,
Maes M. The tryptophan catabolite or kynurenine pathway
in long COVID disease: A systematic review and meta-
analysis. Neuroscience. 2024;563:268-277.

doi: 10.1016/j.neuroscience.2024.10.021

Tsuji A, Ikeda Y, Yoshikawa S, et al. The Tryptophan and
Kynurenine Pathway Involved in the Development of
Immune-Related Diseases. IJMS. 2023;24(6):5742.

doi: 10.3390/ijms24065742

Zhang J, Jiang X, Pang B, et al. Association between
tryptophan concentrations and the risk of developing
cardiovascular diseases: a systematic review and meta-
analysis. Nutr Metab. 2024;21(1).

doi: 10.1186/512986-024-00857-1

Savonije K, Weaver DE. The Role of Tryptophan Metabolism
in Alzheimer’s Disease. Brain Sci. 2023;13(2):292.

doi: 10.3390/brainscil3020292

Blankfield A. A Brief Historic Overview of Clinical
Disorders Associated with Tryptophan: The Relevance to
Chronic Fatigue Syndrome (CFS) and Fibromyalgia (FM).
Int ] Tryptophan Res. 2012;5.

doi: 10.4137/IJTR.S10085

Qin R, Zhao C, Wang C, et al. Tryptophan potentiates CD8+
T cells against cancer cells by TRIP12 tryptophanylation and
surface PD-1 downregulation. J ImmunoTherapy Cancer.
2021;9:e002840.

Volume 3 Issue 4 (2026)

doi: 10.36922/MI1025500131


https://doi.org/10.36922/MI025500131
https://doi.org/10.1111/j.1600-6143.2012.04002.x
https://doi.org/10.1111/j.1600-6143.2012.04002.x
https://doi.org/10.1128/JVI.00295-17
https://doi.org/10.1128/JVI.00295-17
https://doi.org/10.1096/fj.201600813r
https://doi.org/10.1096/fj.201600813r
https://doi.org/10.3390/children12121603
https://doi.org/10.3390/children12121603
https://doi.org/10.1016/j.cmet.2017.07.007
https://doi.org/10.1016/j.cmet.2017.07.007
https://doi.org/10.3390/antiox9100907
https://doi.org/10.3390/antiox9100907
https://doi.org/10.1016/j.jmii.2021.03.021
https://doi.org/10.1016/j.jmii.2021.03.021
https://doi.org/10.3390/biomedicines12081802
https://doi.org/10.3390/biomedicines12081802
https://doi.org/10.3389/fimmu.2024.1367048
https://doi.org/10.3389/fimmu.2024.1367048
https://doi.org/10.1128/AAC.45.11.3162-3170.2001
https://doi.org/10.1128/AAC.45.11.3162-3170.2001
https://doi.org/10.1172/jci.insight.186505
https://doi.org/10.1172/jci.insight.186505
https://doi.org/10.1016/j.bbadis.2024.167287
https://doi.org/10.1016/j.bbadis.2024.167287
https://doi.org/10.1038/nature11228
https://doi.org/10.1038/nature11228
https://doi.org/10.1039/d4fo00432a
https://doi.org/10.1039/d4fo00432a
https://doi.org/10.1002/fsn3.3428
https://doi.org/10.1002/fsn3.3428
https://doi.org/10.1016/j.neuroscience.2024.10.021
https://doi.org/10.1016/j.neuroscience.2024.10.021
https://doi.org/10.3390/ijms24065742
https://doi.org/10.3390/ijms24065742
https://doi.org/10.1186/s12986-024-00857-1
https://doi.org/10.1186/s12986-024-00857-1
https://doi.org/10.3390/brainsci13020292
https://doi.org/10.3390/brainsci13020292
https://doi.org/10.4137/IJTR.S10085
https://doi.org/10.4137/IJTR.S10085
https://doi.org/10.1136/jitc-2021-002840

Microbes & Immunity

Long COVID targets low magnesium and low ACE2

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

doi: 10.1136/jitc-2021-002840

Guo L, Appelman B, Mooij-Kalverda K, et al. Prolonged
indoleamine 2,3-dioxygenase-2 activity and associated
cellular stress in post-acute sequelae of SARS-CoV-2
infection. eBioMedicine. 2023;94:104729.

doi: 10.1016/j.ebiom.2023.104729

Krishna BA, Lim EY, Metaxaki M, et al. Spontaneous,
persistent, T cell-dependent IFN-y release in patients who
progress to Long Covid. Sci Adv. 2024;10(8).

doi: 10.1126/sciadv.adi9379

Bozza S, Fallarino F Pitzurra L, et al. A Crucial Role for
Tryptophan Catabolism at the Host/Candida albicans
Interface. ] Immunol. 2005;174(5):2910-2918.

doi: 10.4049/jimmunol.174.5.2910

Gozalbo D, Maneu V, Gil ML. Role of IFN-gamma in
immune responses to Candida albicans infections. Front
Biosci. 2014;19(8):1279-1290.

doi: 10.2741/4281

Al Masoodi WT, Radhi SW, Abdalsada HK, Al-Hakeim HK.
Role of Galanin system and insulin resistance parameters
as predictive tools for diagnosis of Long-COVID patients.
Biochem Biophys Rep. 2025;43:102068.

doi: 10.1016/j.bbrep.2025.102068

Razani Haleh. Galanin: A modulator of serotonin
neurotransmission: ~ relevance  for  depression. Thesis.
Karolinska Institutet. 2011. Available from: https://hdl
handle.net/10616/42583 [Last accessed on September 2,
2024].

Mazarati AM, Baldwin RA, Shinmei S, Sankar R. In vivo
interaction between serotonin and galanin receptors types
1 and 2 in the dorsal raphe: implication for limbic seizures. J
Neurochem. 2005;95(5):1495-1503.

doi: 10.1111/j.1471-4159.2005.03498.x

Ogren SO, Kuteeva E, Hokfelt T, et al. Galanin Receptor
Antagonists. CNS Drugs. 2006;20(8):633-654.

doi: 10.2165/00023210-200620080-00003

de Souza MM, Silote GP, Herbst LS, Funck VR, Joca SRL,
Beijamini V. The antidepressant-like effect of galanin in
the dorsal raphe nucleus of rats involves GAL, receptors.
Neurosci Lett. 2018;681:26-30.

doi: 10.1016/j.neulet.2018.05.029

Rus CP, de Vries BEK, de Vries IE], et al. Treatment of 95
post-Covid patients with SSRIs. Sci Rep. 2023;13(1).

doi: 10.1038/541598-023-45072-9

Butzin-Dozier Z, Ji Y, Deshpande S, et al. SSRI use during
acute COVID-19 and risk of Long COVID among patients
with depression. BMC Med. 2024;22(1).

doi: 10.1186/512916-024-03655-x

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Pickering G, Mazur A, Trousselard M, et al. Magnesium
Status and Stress: The Vicious Circle Concept Revisited.
Nutrients. 2020;12(12):3672.

doi: 10.3390/nu12123672

Wang J, Persuitte G, Olendzki BC, et al. Dietary Magnesium
Intake Improves Insulin Resistance among Non-Diabetic
Individuals with Metabolic Syndrome Participating in a
Dietary Trial. Nutrients. 2013;5(10):3910-3919.

doi: 10.3390/nu5103910

abood rossol, Alaaraji S. An Association of Galanin with
some biochemical parameters in Iraqi Type II Diabetic
Patients. JUAPS. 2023;17(2):107-114.

doi: 10.37652/juaps.2023.141231.1087

Al-Hakeim HK, Khairi Abed A, Rouf Moustafa S, Almulla
AF, Maes M. Tryptophan catabolites, inflammation, and
insulin resistance as determinants of chronic fatigue
syndrome and affective symptoms in long COVID. Front
Mol Neurosci. 2023;16:1194769.

doi: 10.3389/fnmol.2023.1194769

Sandoval-Alzate H, Agudelo-Zapata Y, Gonzalez-Clavijo
A et al. Serum Galanin Levels in Young Healthy Lean and
Obese Non-Diabetic Men during an Oral Glucose Tolerance
Test. Sci Rep. 2016;6(1).

doi: 10.1038/srep31661

Ronca DB, Mesquita LO, Oliveira D, et al. Excess weight
is associated with neurological and neuropsychiatric
symptoms in post-COVID-19 condition: A systematic
review and meta-analysis. PLoS ONE. 2025;20(5):e0314892.

doi: 10.1371/journal.pone.0314892

Meczekalski B, Stopien R, Warenik-Szymankiewicz A.
The concentration of galanin in postmenopausal women
before and after application of hormone replacement
therapy compared to women of reproductive age. Med Sci
Monit. 2001;7(5):928-932. https://pubmed.ncbi.nlm.nih.
gov/11535937/

Rauch I, Lundstrom L, Hell M, Sperl W, Kofler B.Galanin
Message-Associated Peptide Suppresses Growth and the
Budded-to-Hyphal-Form Transition of Candida albicans.
Antimicrob Agents Chemother. 2007;51(11):4167-4170.

doi: 10.1128/AAC.00166-07

Yu Fujimoto, Hiroki Abe, Tsuyoshi Eiro, et al. Systemic
increase of AMPA receptors associated with cognitive
impairment of long COVID. Brain Commun. 2025;7(5).

doi: 10.1093/braincomms/fcaf337

Kisner A, Polter AM. Maturation of glutamatergic
transmission onto dorsal raphe serotonergic neurons. J
Neurophysiol. 2024;131(4):626-637.

doi: 10.1152/jn.00037.2023

Volume 3 Issue 4 (2026)

doi: 10.36922/MI1025500131


https://doi.org/10.36922/MI025500131
https://doi.org/10.1136/jitc-2021-002840
https://doi.org/10.1016/j.ebiom.2023.104729
https://doi.org/10.1016/j.ebiom.2023.104729
https://doi.org/10.1126/sciadv.adi9379
https://doi.org/10.1126/sciadv.adi9379
https://doi.org/10.4049/jimmunol.174.5.2910
https://doi.org/10.4049/jimmunol.174.5.2910
https://doi.org/10.2741/4281
https://doi.org/10.2741/4281
https://doi.org/10.1016/j.bbrep.2025.102068
https://doi.org/10.1016/j.bbrep.2025.102068
https://hdl.handle.net/10616/42583
https://hdl.handle.net/10616/42583
https://doi.org/10.1111/j.1471-4159.2005.03498.x
https://doi.org/10.1111/j.1471-4159.2005.03498.x
https://doi.org/10.2165/00023210-200620080-00003
https://doi.org/10.2165/00023210-200620080-00003
https://doi.org/10.1016/j.neulet.2018.05.029
https://doi.org/10.1016/j.neulet.2018.05.029
https://doi.org/10.1038/s41598-023-45072-9
https://doi.org/10.1038/s41598-023-45072-9
https://doi.org/10.1186/s12916-024-03655-x
https://doi.org/10.1186/s12916-024-03655-x
https://doi.org/10.3390/nu12123672
https://doi.org/10.3390/nu12123672
https://doi.org/10.3390/nu5103910
https://doi.org/10.3390/nu5103910
https://doi.org/10.37652/juaps.2023.141231.1087
https://doi.org/10.37652/juaps.2023.141231.1087
https://doi.org/10.3389/fnmol.2023.1194769
https://doi.org/10.3389/fnmol.2023.1194769
https://doi.org/10.1038/srep31661
https://doi.org/10.1038/srep31661
https://doi.org/10.1371/journal.pone.0314892
https://doi.org/10.1371/journal.pone.0314892
https://pubmed.ncbi.nlm.nih.gov/11535937/
https://pubmed.ncbi.nlm.nih.gov/11535937/
https://doi.org/10.1128/AAC.00166-07
https://doi.org/10.1128/AAC.00166-07
https://doi.org/10.1093/braincomms/fcaf337
https://doi.org/10.1093/braincomms/fcaf337
https://doi.org/10.1152/jn.00037.2023
https://doi.org/10.1152/jn.00037.2023

Microbes & Immunity

Long COVID targets low magnesium and low ACE2

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Shutoh F, Hamada S, Shibata M, et al. Long term depletion
of serotonin leads to selective changes in glutamate receptor
subunits. Neurosci Res. 2000;38(4):365-371.

doi: 10.1016/S0168-0102(00)00184-X

McCaddon A, Regland B. COVID-19: A methyl-group
assault? Med Hypotheses. 2021;149:110543.

doi: 10.1016/j.mehy.2021.110543

Oner P, Yilmaz S, Dogan S. High Homocysteine Levels Are
Associated with Cognitive Impairment in Patients Who
Recovered from COVID-19 in the Long Term. J Pers Med.
2023;13(3):503.

doi: 10.3390/jpm13030503

Al Hageh C, Alefishat E, Ghassibe-Sabbagh M, et al.
Homocysteine levels, H-Hypertension, and the MTHFR
C677T genotypes: A complex interaction. Heliyon.
2023;9(6):e16444.

doi: 10.1016/j.heliyon.2023.e16444

Ponti G, Pastorino L, Manfredini M, et al. COVID-19
spreading across world correlates with C677T allele of
the methylenetetrahydrofolate reductase (MTHFR) gene
prevalence. ] Clin Lab Anal. 2021;35(7):23798.

doi: 10.1002/jcla.23798

Petrova B, Syphurs C, Culhane A]J, et al. An Allele of the
MTHEFR one-carbon metabolism gene predicts severity of
COVID-19. medRxiv. 2025.

doi: 10.1101/2025.02.28.25323089

Sezgin Y. Evaluation of serum vitamin B12 levels in patients
with COVID-19 infection: A case-control study. ] Med
Biochem. 2023;42(3):524-529.

doi: 10.5937/jomb0-42357

Heath AM, Li D. Symptomatology of Long COVID
Associated with Inherited and Acquired Thrombophilic
Conditions: A Systematic Review. Viruses. 2025;17(10):1315.

doi: 10.3390/v17101315

Fan L, Zhu X, Zheng Y, et al. Magnesium treatment on
methylation changes of transmembrane serine protease 2
(TMPRSS2). Nutrition. 2021;89:111340.

doi: 10.1016/j.nut.2021.111340

Zolotarenko AD, Poghosyan HM, Sheptiy VV, Bruskin SA.
COVID-19 Hijacking of the Host Epigenome: Mechanisms,
Biomarkers and Long-Term Consequences. Int J Mol Sci.
2025;26(21):10372.

doi: 10.3390/ijms262110372

Nikesjo E Sayyab S, Karlsson L, et al. Defining post-acute
COVID-19 syndrome (PACS) by an epigenetic biosignature
in peripheral blood mononuclear cells. Clin Epigenet.
2022;14(1).

doi: 10.1186/s13148-022-01398-1

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Majumder A, Behera J, Jeremic N, Tyagi SC.
Hypermethylation: Causes and Consequences in Skeletal
Muscle Myopathy. J Cell Biochem. 2017;118(8):2108-2117.

doi: 10.1002/jcb.25841

Fryar-Williams S. Fundamental Role of
Methylenetetrahydrofolate Reductase 677 C>T Genotype
and Flavin Compounds in Biochemical Phenotypes
for Schizophrenia and Schizoaffective Psychosis. Front
Psychiatry. 2016;7:172.

doi: 10.3389/fpsyt.2016.00172

Sternbach S, West N, Singhal NK, et al. The BHMT-
betaine methylation pathway epigenetically
modulates oligodendrocyte maturation. PLoS ONE.
2021;16(5):e0250486.

doi: 10.1371/journal.pone.0250486

Fernandes de Souza WD, Fonseca DMd, Sartori A. COVID-
19 and Multiple Sclerosis: A Complex Relationship Possibly
Aggravated by Low Vitamin D Levels. Cells. 2023;12(5):684.

doi: 10.3390/cells12050684

Frick B, Schroecksnadel K, Neurauter G, Leblhuber F, Fuchs
D. Increasing production of homocysteine and neopterin
and degradation of tryptophan with older age. Clin Biochem.
2004;37(8):684-687.

doi: 10.1016/j.clinbiochem.2004.02.007

Schwartz J, Capistrano KJ, Naqvi RA, et al. Oral Cavity
Serves as Long-Term COVID-19 Reservoir with Increased
Periodontal and Viral Disease Risk. bioRxiv. 2025.

doi: 10.1101/2025.02.17.638734

Drenthen LCA, Ajie M, de Baaij JHE Tack CJ, de Galan
BE, Stienstra R. Magnesium Supplementation Modulates
T-cell Function in People with Type 2 Diabetes and Low
Serum Magnesium Levels. J Clin Endocrinol Amp Metab
2024;109(12):€2240-e2245.

doi: 10.1210/clinem/dgae097

Cater RE. Chronic intestinal candidiasis as a possible
etiological factor in the chronic fatigue syndrome. Med
Hypotheses. 1995;44(6):507-515.

doi: 10.1016/0306-9877(95)90515-4

Chambers PW. The Candida Covid Connection: Preexisting
Candida Overgrowth and Gut Dysbiosis Drives Long Covid.
J Neurosci Neurol Surg 2023;14(2).

doi: 10.31579/2578-8868/283

Bistagnino E Pizzi D, Mantovani F, Antonino JR, Tovani-
Palone MR. Long COVID and gut candidiasis: What
is the existing relationship? World ] Gastroenterol.

2024;30(37):4104-4114.
doi: 10.3748/wjg.v30.i37.4104
Hsieh YP, Sun W, Young JM, et al. Widespread fungal-

Volume 3 Issue 4 (2026)

doi: 10.36922/MI1025500131


https://doi.org/10.36922/MI025500131
https://doi.org/10.1016/S0168-0102(00)00184-X
https://doi.org/10.1016/S0168-0102(00)00184-X
https://doi.org/10.1016/j.mehy.2021.110543
https://doi.org/10.1016/j.mehy.2021.110543
https://doi.org/10.3390/jpm13030503
https://doi.org/10.3390/jpm13030503
https://doi.org/10.1016/j.heliyon.2023.e16444
https://doi.org/10.1016/j.heliyon.2023.e16444
https://doi.org/10.1002/jcla.23798
https://doi.org/10.1002/jcla.23798
https://doi.org/10.1101/2025.02.28.25323089
https://doi.org/10.1101/2025.02.28.25323089
https://doi.org/10.5937/jomb0-42357
https://doi.org/10.5937/jomb0-42357
https://doi.org/10.3390/v17101315
https://doi.org/10.3390/v17101315
https://doi.org/10.1016/j.nut.2021.111340
https://doi.org/10.1016/j.nut.2021.111340
https://doi.org/10.3390/ijms262110372
https://doi.org/10.3390/ijms262110372
https://doi.org/10.1186/s13148-022-01398-1
https://doi.org/10.1186/s13148-022-01398-1
https://doi.org/10.1002/jcb.25841
https://doi.org/10.1002/jcb.25841
https://doi.org/10.3389/fpsyt.2016.00172
https://doi.org/10.3389/fpsyt.2016.00172
https://doi.org/10.1371/journal.pone.0250486
https://doi.org/10.1371/journal.pone.0250486
https://doi.org/10.3390/cells12050684
https://doi.org/10.3390/cells12050684
https://doi.org/10.1016/j.clinbiochem.2004.02.007
https://doi.org/10.1016/j.clinbiochem.2004.02.007
https://doi.org/10.1101/2025.02.17.638734
https://doi.org/10.1101/2025.02.17.638734
https://doi.org/10.1210/clinem/dgae097
https://doi.org/10.1210/clinem/dgae097
https://doi.org/10.1016/0306-9877(95)90515-4
https://doi.org/10.1016/0306-9877(95)90515-4
https://doi.org/10.31579/2578-8868/283
https://doi.org/10.31579/2578-8868/283
https://doi.org/10.3748/wjg.v30.i37.4104
https://doi.org/10.3748/wjg.v30.i37.4104

Microbes & Immunity

Long COVID targets low magnesium and low ACE2

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

bacterial competition for magnesium lowers bacterial
susceptibility to polymyxin antibiotics. PLoS Biol.
2024;22(6):€3002694.

doi: 10.1371/journal.pbio.3002694

Elmunzer BJ], Palsson OS, Forbes N, et al. Prolonged
Gastrointestinal Manifestations After Recovery From
COVID-19. Clin Gastroenterol Hepatol. 2024;22(5):1098-
1107.e3.

doi: 10.1016/j.cgh.2023.11.009

Zollner A, Koch R, Jukic A, et al. Postacute COVID-
19 is Characterized by Gut Viral Antigen Persistence
in Inflammatory Bowel Diseases. Gastroenterology.
2022;163(2):495-506.€8.

doi: 10.1053/j.gastro.2022.04.037

Natarajan A, Zlitni S, Brooks EF, et al. Gastrointestinal
symptoms and fecal shedding of SARS-CoV-2 RNA suggest
prolonged gastrointestinal infection. Med. 2022;3(6):371-
387.e9.

doi: 10.1016/j.med;j.2022.04.001

Giannos P, Prokopidis K. Gut dysbiosis and long COVID-
19: Feeling gutted. ] Med Virol. 2022;94(7):2917-2918.

doi: 10.1002/jmv.27684

Liu Q, Mak JWY, Su Q, et al. Gut microbiota dynamics in a
prospective cohort of patients with post-acute COVID-19
syndrome. Gut. 2022;71:544-552.

doi: 10.1136/gutjnl-2021-325989

Zoe Swank, Yasmeen Senussi, Zachary Manickas-Hill,
et al. Persistent Circulating Severe Acute Respiratory
Syndrome Coronavirus 2 Spike Is Associated With Post-
acute Coronavirus Disease 2019 Sequelae. Clin Infect Dis.
2023;76(3):e487-e490.

doi: 10.1093/cid/ciac722

Baldari CT, Onnis A, Andreano E, Del Giudice G, Rappuoli
R. Emerging roles of SARS-CoV-2 Spike-ACE2 in immune
evasion and pathogenesis. Trends Immunol. 2023;44(6):424-
434,

doi: 10.1016/}.it.2023.04.001

Tarasco MC, IJacomino N, Mantegazza R, Cavalcante
P. COVID-19,
autoimmunity: Casual or causal liaisons? ] Microbiol
Immunol Infect. 2025;58(5):508-516.

Epstein-Barr virus reactivation and

doi: 10.1016/j.jmii.2025.03.014

Rohrhofer J, Graninger M, Lettenmaier L, et al. Association
between Epstein-Barr-Virus reactivation and development
of Long-COVID fatigue. Allergy. 2023;78(1):297-299.

doi: 10.1111/all.15471

Callan MF, Fazou C, Yang H, et al. CD8(+) T-cell selection,
function, and death in the primary immune response in

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

vivo. J Clin Invest. 2000;106(10):1251-1261.
doi: 10.1172/JCI10590

Hashimoto K. Detrimental effects of COVID-19 in the
brain and therapeutic options for long COVID: The role of
Epstein-Barr virus and the gut-brain axis. Mol Psychiatry.
2023;28(12):4968-4976.

doi: 10.1038/s41380-023-02161-5

Bird L. Magnesium: essential for T cells. Nat Rev Immunol.
2022;22(3):144-145.

doi: 10.1038/s41577-022-00688-2

Beno DW, Stéver AG, Mathews HL. Growth inhibition of

Candida albicans hyphae by CD8+ lymphocytes. ] Immunol.
1995;154(10):5273-5281.

doi: 10.1016/0008-8749(90)90009-G

RaeJM, Lippman ME. The role of estrogen receptor signaling
in suppressing the immune response to cancer. J Clin Invest.
2021;131(24).

doi: 10.1172/JCI155476

Shah DP, Thaweethai T, Karlson EW, et al. Sex Differences in
Long COVID. JAMA Netw Open. 2025;8(1):e2455430.

doi: 10.1001/jamanetworkopen.2024.55430

Sorgdrager FJH, Naudé PJW, Kema IP, Nollen EA, Deyn PP.
Tryptophan Metabolism in Inflammaging: From Biomarker
to Therapeutic Target. Front Immunol. 2019;10:2565.

doi: 10.3389/fimmu.2019.02565

Zhao B, Yan ], Wu H, et al. Interferon-y and its pathway-
associated gene expression in the vaginal tissue of
premenopausal females with pelvic organ prolapse. Exp Ther
Med. 2014;8(4):1145-1149.

doi: 10.3892/etm.2014.1868

Kumwenda P, Cottier E Hendry AC, et al. Estrogen
promotes innate immune evasion of Candida albicans
through inactivation of the alternative complement system.
Cell Rep. 2022;38(1):110183.

doi: 10.1016/j.celrep.2021.110183

Missailidis D, Ebrahimie E, Dehcheshmeh MM, et al. A
blood-based mRNA signature distinguishes people with
Long COVID from recovered individuals. Front Immunol.
2024;15:1450853.

doi: 10.3389/fimmu.2024.1450853

Wolf FI, Trapani V. Magnesium and vitamin D in long
COVID syndrome; do they help? Magnes Res. 2024;0(0).

doi: 10.1684/mrh.2024.0521

Matangkha K, Punyahotara V, Rintra J, Sittiprapaporn P.
Association Between Vitamin D Levels and Long COVID
Signs and Symptoms. Med Sci. 2025;13(3):199.

doi: 10.3390/medscil3030199

Volume 3 Issue 4 (2026)

doi: 10.36922/MI1025500131


https://doi.org/10.36922/MI025500131
https://doi.org/10.1371/journal.pbio.3002694
https://doi.org/10.1371/journal.pbio.3002694
https://doi.org/10.1016/j.cgh.2023.11.009
https://doi.org/10.1016/j.cgh.2023.11.009
https://doi.org/10.1053/j.gastro.2022.04.037
https://doi.org/10.1053/j.gastro.2022.04.037
https://doi.org/10.1016/j.medj.2022.04.001
https://doi.org/10.1016/j.medj.2022.04.001
https://doi.org/10.1002/jmv.27684
https://doi.org/10.1002/jmv.27684
https://doi.org/10.1136/gutjnl-2021-325989
https://doi.org/10.1136/gutjnl-2021-325989
https://doi.org/10.1093/cid/ciac722
https://doi.org/10.1093/cid/ciac722
https://doi.org/10.1016/j.it.2023.04.001
https://doi.org/10.1016/j.it.2023.04.001
https://doi.org/10.1016/j.jmii.2025.03.014
https://doi.org/10.1016/j.jmii.2025.03.014
https://doi.org/10.1111/all.15471
https://doi.org/10.1111/all.15471
https://doi.org/10.1172/JCI10590
https://doi.org/10.1172/JCI10590
https://doi.org/10.1038/s41380-023-02161-5
https://doi.org/10.1038/s41380-023-02161-5
https://doi.org/10.1038/s41577-022-00688-2
https://doi.org/10.1038/s41577-022-00688-2
https://doi.org/10.1016/0008-8749(90)90009-G
https://doi.org/10.1016/0008-8749(90)90009-G
https://doi.org/10.1172/JCI155476
https://doi.org/10.1172/JCI155476
https://doi.org/10.1001/jamanetworkopen.2024.55430
https://doi.org/10.1001/jamanetworkopen.2024.55430
https://doi.org/10.3389/fimmu.2019.02565
https://doi.org/10.3389/fimmu.2019.02565
https://doi.org/10.3892/etm.2014.1868
https://doi.org/10.3892/etm.2014.1868
https://doi.org/10.1016/j.celrep.2021.110183
https://doi.org/10.1016/j.celrep.2021.110183
https://doi.org/10.3389/fimmu.2024.1450853
https://doi.org/10.3389/fimmu.2024.1450853
https://doi.org/10.1684/mrh.2024.0521
https://doi.org/10.1684/mrh.2024.0521
https://doi.org/10.3390/medsci13030199
https://doi.org/10.3390/medsci13030199

Microbes & Immunity

Long COVID targets low magnesium and low ACE2

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Chambers PW. Long Covid, Short Magnesium. Open Access
Libr J. 2022:9(5):1-25.

doi: 10.4236/0alib.1108736

Maier JA, Castiglioni S, Locatelli L, Zocchi M, Mazur A.
Magnesium and inflammation: Advances and perspectives.
Semin Cell Dev Biol. 2021;115:37-44.

doi: 10.1016/j.semcdb.2020.11.002

increased
current perspectives. | Inflamm Res.

Nielsen FH. Magnesium deficiency and
inflammation:
2018;11:25-34.

doi: 10.2147/]JIR.S136742

Orhan C, Er B, Deeh PBD, et al. Different Sources of Dietary
Magnesium Supplementation Reduces Oxidative Stress by
Regulation Nrf2 and NF-«B Signaling Pathways in High-Fat
Diet Rats. Biol Trace Elem Res. 2021;199(11):4162-4170.

doi: 10.1007/s12011-020-02526-9

AhmadR, Haque M. Magnesium: A Micronutrient for Brain
Health. Adv Hum Biol. 2025;15(2):147-151.

doi: 10.4103/aihb.aihb_32_25

Zhou Q, Zhang L, Dong Y, et al. The role of SARS-CoV-
2-mediated NF-kB activation in COVID-19 patients.
Hypertens Res. 2023;47(2):375-384.

doi: 10.1038/s41440-023-01460-2

Ashique S, Kumar S, Hussain A, et al. A narrative review on
the role of magnesium in immune regulation, inflammation,
infectious diseases, and cancer. | Health Popul Nutr.
2023;42(1).

doi: 10.1186/s41043-023-00423-0

LiW, Jiao Y, Wang L, et al. Association of Serum Magnesium
with Insulin Resistance and Type 2 Diabetes among Adults
in China. Nutrients. 2022;14(9):1799.

doi: 10.3390/nu14091799

Mansmann H. Consider Magnesium Homeostasis: III:
Cytochrome P450 Enzymes and Drug Toxicity. Pediatr
Asthma Allergy Immunol. 1993;7(4):211-215.

doi: 10.1089/pai.1993.7.211

Chou MH, Yang YK, Wang JD, Lin CY, Lin SH. The
Association of Serum and Dietary Magnesium with
Depressive Symptoms. Nutrients. 2023;15(3):774.

doi: 10.3390/nu15030774

Durlach J. Recommended dietary amounts of magnesium:
Mg RDA. Magnes Res. 1989;2(3):195-203.

Costello RB, Rosanoff A, Dai Q, Saldanha LG, Potischman
NA. Perspective: Characterization of Dietary Supplements

133.

134.

135.

136.

137.

138.

139.

140.

141.

Containing Calcium and Magnesium and Their Respective
Ratio-Is a Rising Ratio a Cause for Concern? Adv Nutr.
2021;12(2):291-297.

doi: 10.1093/advances/nmaal60

Sabir MS, Haussler MR, Mallick S, et al. Optimal vitamin
D spurs serotonin: 1,25-dihydroxyvitamin D represses
serotonin reuptake transport (SERT) and degradation
(MAO-A) gene expression in cultured rat serotonergic
neuronal cell lines. Genes Nutr. 2018;13(1).

doi: 10.1186/s12263-018-0605-7

Razzaque MS. Magnesium: Are We Consuming Enough?
Nutrients. 2018;10(12):1863.

doi: 10.3390/nu10121863

Dai Q, Shu XO, Deng X, et al. Modifying effect of calcium/
magnesium intake ratio and mortality: a population-based
cohort study. BMJ Open. 2013;3(2):e002111.

doi: 10.1136/bmjopen-2012-002111

Guerrero-Romero E Mercado M, Rodriguez—Moran M,
et al. Magnesium-to-Calcium Ratio and Mortality from
COVID-19. Nutrients. 2022;14(9):1686.

doi: 10.3390/nu14091686

Dai Q, Zhu X, Manson JE, et al. Magnesium status
and supplementation influence vitamin D status and
metabolism: results from a randomized trial. Am J Clin Nutr.
2018;108(6):1249-1258.

doi: 10.1093/ajen/nqy274

Rosanoff A, Dai Q, Shapses SA. Essential Nutrient
Interactions: Does Low or Suboptimal Magnesium Status
Interact with Vitamin D and/or Calcium Status? Adv Nutr.
2016;7(1):25-43.

doi: 10.3945/an.115.008631

Wong AC, Devason AS, Umana IC, et al. Serotonin
reduction in post-acute sequelae of viral infection. Cell.
2023;186(22):4851-4867.€20.

doi: 10.1016/j.cell.2023.09.013

McMillan P, Turner AJ, Uhal BD. Mechanisms of Gut-Related
Viral Persistence in Long COVID. Viruses. 2024;16(8):1266.

doi: 10.3390/v16081266

Zanella, LGE. The COVID-19 “Bad Tryp” Syndrome:
NAD/NADH+, Tryptophan Phenylalanine Metabolism
and Thermogenesis like Hecatomb - The Hypothesis of
Pathophysiology Based on a Compared COVID-19 and
Yellow Fever Inflammatory Skeleton. J Infect Dis Epidemiol.
2022;8(1).

doi: 10.23937/2474-3658/1510243

Volume 3 Issue 4 (2026)

doi: 10.36922/MI1025500131


https://doi.org/10.36922/MI025500131
https://doi.org/10.4236/oalib.1108736
https://doi.org/10.4236/oalib.1108736
https://doi.org/10.1016/j.semcdb.2020.11.002
https://doi.org/10.1016/j.semcdb.2020.11.002
https://doi.org/10.2147/JIR.S136742
https://doi.org/10.2147/JIR.S136742
https://doi.org/10.1007/s12011-020-02526-9
https://doi.org/10.1007/s12011-020-02526-9
https://doi.org/10.4103/aihb.aihb_32_25
https://doi.org/10.4103/aihb.aihb_32_25
https://doi.org/10.1038/s41440-023-01460-2
https://doi.org/10.1038/s41440-023-01460-2
https://doi.org/10.1186/s41043-023-00423-0
https://doi.org/10.1186/s41043-023-00423-0
https://doi.org/10.3390/nu14091799
https://doi.org/10.3390/nu14091799
https://doi.org/10.1089/pai.1993.7.211
https://doi.org/10.1089/pai.1993.7.211
https://doi.org/10.3390/nu15030774
https://doi.org/10.3390/nu15030774
https://doi.org/10.1093/advances/nmaa160
https://doi.org/10.1093/advances/nmaa160
https://doi.org/10.1186/s12263-018-0605-7
https://doi.org/10.1186/s12263-018-0605-7
https://doi.org/10.3390/nu10121863
https://doi.org/10.3390/nu10121863
https://doi.org/10.1136/bmjopen-2012-002111
https://doi.org/10.1136/bmjopen-2012-002111
https://doi.org/10.3390/nu14091686
https://doi.org/10.3390/nu14091686
https://doi.org/10.1093/ajcn/nqy274
https://doi.org/10.1093/ajcn/nqy274
https://doi.org/10.3945/an.115.008631
https://doi.org/10.3945/an.115.008631
https://doi.org/10.1016/j.cell.2023.09.013
https://doi.org/10.1016/j.cell.2023.09.013
https://doi.org/10.3390/v16081266
https://doi.org/10.3390/v16081266
https://doi.org/10.23937/2474-3658/1510243
https://doi.org/10.23937/2474-3658/1510243

