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Abstract—— Lactate dehydrogenase (LDH) is a terminating enzyme in the metabolic path-
way of anaerobic glycolysis with end product of lactate from glucose. The lactate formation 
is crucial in the metabolism of glucose when oxygen is in inadequate supply. Lactate can 
also be formed and utilised by different cell types under fully aerobic conditions. Blood 
LDH is the marker enzyme, which predicts mortality in many conditions such as ARDS, 
serious COVID-19 and cancer patients. Lactate plays a critical role in normal physiology 
of humans including an energy source, a signaling molecule and a pH regulator. Depend-
ing on the pH, lactate exists as the protonated acidic form (lactic acid) at low pH or as 
sodium salt (sodium lactate) at basic pH. Lactate can affect the immune system and act as 
a signaling molecule, which can provide a “danger” signal for life. Several reports provide 
evidence that the serum lactate represents a chemical marker of severity of disease similar 
to LDH under inflammatory conditions. Since the mortality rate is much higher among 
COVID-19 patients, associated with high serum LDH, this article is aimed to review 
the LDH as a therapeutic target and lactate as potential marker for monitoring treatment 
response of inflammatory diseases. Finally, the review summarises various LDH inhibi-
tors, which offer potential applications as therapeutic agents for inflammatory diseases, 
associated with high blood LDH. Both blood LDH and blood lactate are suggested as risk 
factors for the mortality of patients in serious inflammatory diseases.

KEY WORDS:  LDH as marker; lactate as immune signal; COVID-19; inflammatory diseases; metabolic 
acidosis; LDH target; LDH inhibitors.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a new 
coronavirus pandemic disease caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2); 
CoV-2 is highly pathogenic in the human population. 
The immune-pathological event for SARS-CoV-2 is acute 
respiratory distress syndrome (ARDS). In the majority 
of individuals, COVID-19 infection is asymptomatic or 
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causes only minor symptoms. Bilateral lung involvement 
is a common feature on CT images of the patients’ chests 
[1]. In about 15–20% of patients, COVID-19 infects 
the respiratory tract that results in ARDS. In COVID-
19 patients, the presence of “cytokine storm” has been 
linked to mortality. “Cytokine storm syndrome (CSS)” is 
a life-threatening illness caused by a cascade of cytokine 
activation. To minimise the implications of cytokine 
storm, it is critical to diagnose it early in the course of 
the disease. Despite the implementation of strong global 
outbreak in 2020, the prevalence of COVID-19 continues 
to rise with different evolving variants of CoV-2, posing 
a grave threat to human life and health. Reason for high 
mortality among COVID-19 patients has been linked to 
metabolic and endocrine systems. Approximately, 50% of 
the people who lost their life due to COVID-19 suffered 
with metabolic and vascular diseases such as hyperten-
sion and diabetes in addition to non-alcoholic fatty liver 
disease and obesity [2, 3].

Several reviews and meta-analyses have reported 
the prognostic value of lactate dehydrogenase (LDH) for 
severity of COVID-19 and other inflammatory diseases. 
Serum LDH is a metabolic as well as a prognostic bio-
marker for immune surveillance. A high level of LDH has 
been related to respiratory function and a predictor of res-
piratory failure in CoVID-19 patients. Its rise in serum is 
associated with poor outcomes in immunocompromised 
patients [4] and appears to be linked to serum lactate, the 
end product of glycolysis. According to studies, LDH is 
the only best measure that may predict ICU admission or 
serum LDH levels in diabetic COVID-19 patients aged 70 
or above predicted fatality. This article is aimed to review 
the LDH as a therapeutic target and lactate and LDH as 
potential markers for monitoring treatment response of 
inflammatory diseases.

CORONAVIRUSES

Coronaviruses (CoVs) belong to the Coronaviridae 
family of viruses. CoVs are the most common pathogens 
in developing respiratory illness outbreaks, and they are 
members of a wide family of single-stranded RNA viruses 
[5] that can be found in a variety of animals. CoVs can 
cross species barriers and can cause illness in humans 
ranging from common cold to more severe diseases. The 
enveloped viruses have incredibly large single-stranded 
RNA genomes, having sizes between 26 and 32 kb.

CoV-2 is continually evolving, and new versions 
are predicted to emerge around the world. Some versions 

have mutations in the surface spike protein, which is a 
target for natural and vaccine-induced immunity and 
promotes viral attachment to human cells. At least seven 
CoV variants have been linked to human disease. SARS-
CoV, which caused the SARS outbreak in 2002–2003, 
is one of three viruses that can cause severe sickness. 
Camels are still infected with the Middle East respira-
tory illness, which first appeared in 2012. SARS-CoV-2, 
surfaced in Wuhan, China, in December 2019, causes 
COVID-19 pathogenesis in humans [5]. The origin of 
SARS-Cov-2 is currently unknown, but it is speculated 
that it has an animal origin [5]. SARS-CoV-2 variation 
is highly contagious and spread swiftly across the world. 
The new virus was initially termed 2019-nCoV due to its 
resemblance to SARS-CoVs.

Several labs have reported that one of the three tar-
get genes is not found in one widely used PCR test. These 
variations seem to be more contagious, cause more severe 
disease, and/or avoid natural or vaccine-induced immune 
responses. The following are some of the more common 
circulating variants [6]:

•	 Alpha (B.1.1.7 lineage), also known as 20I/501Y.
V1, was originally discovered in late 2020 in the UK. 
According to certain research, this type may cause 
more serious sickness.

•	 Delta (B.1.617.2 lineage), also known as 20A/S:478 
K, was discovered in India In late 2020. This variant is 
more contagious than B.1.1.7 and is linked to a more 
serious sickness.

•	 Omicron (B.1.1.529 lineage) variant was initially dis-
covered in southern Africa in November 2021, later 
in several other nations. The variant has more than 
30 mutations in the spike protein, including changes 
that have been linked to greater transmissibility and 
decreased sensitivity to neutralising antibodies in 
other variants of concern. The Omicron variant car-
ries a higher chance of serious illness [6].

SARS‑CoV‑2

Li et al. [7] displayed the phylogentic analysis 
of full genome of SARS-like coronavirus. Coronavi-
rus virions have a spherical shape under cryo-electron 
microscopy, with diameters of 65–125 nm [8] with 
club-shaped spikes on their surface. The name “corona-
virus” comes from the appearance of these spikes, which 
resemble a solar corona. The virion’s envelope packs 
the nucleo-capsids, which are helically symmetrical. S 
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(protuberances), E (envelope), M (membrane), and N 
(nodes) are the letters that indicate the position where 
the proteins are found in coronaviruses (nucleocapsid). 
Some virions in the subgroup A of the genus Betacoro-
navirus contain hemagglutinin esterase activity. CoV-2 
proteins are subjected to post-translational modifications 
(PTMs), such as glycosylation and palmitoylation of the 
spike and envelope protein, N- or O-linked glycosyla-
tion of the membrane protein, phosphorylation and ADP-
ribosylation of the nucleocapsid protein, and other PTMs 
on nonstructural and accessory proteins [9].

ACE2: the Coronavirus Receptor

The cell surface receptor angiotensin-converting 
enzyme 2 (ACE2) is essential for viral entry into the host 
cell through a binding site on SARS-Cov-2 protein S. 
The cell membrane serine protease 2 (TMPRSS2) is also 
required for viral S protein priming. Although their pres-
ence is not essential, virus entrance may be influenced 
by the activity of the endosomal/lysosomal cysteine pro-
teases cathepsin B and L (CTSB, CTSL) [10, 11]. The 
receptor-binding domains of ACE2 receptor on host cells 
on CoV2 have molecular similarities with other CoVs. 
Though, ACE2 is the primary receptor for CoV-2, despite 
the fact that numerous lectin receptors and dipeptidyl 
peptidase 4 (DPP4) can bind CoVs [12–14]. The viral 
RNA is released into the cytoplasm after the virus reaches 
the host cells, and the viral genome begins to reproduce.

The SARS-CoV-2 S protein interacts to ACE2 on 
target cells before being processed by membrane pro-
teases, including TMPRSS2, resulting in viral inter-
nalisation or fusion with the plasma membrane. Other 
receptors, besides ACE2, have also been suggested to be 
involved in viral binding [10, 11]. The S (spike) protein 
has a short intracellular tail and is linked to the envelope 
via a transmembrane domain. The S protein’s vast ecto-
domain extends outward, giving the virus a crown-like 
look. The S protein’s ectodomain, which consists of three 
S1 subunit heads for receptor binding and a trimeric S2 
subunit stalk for membrane fusion, mediates viral entry. 
The subunits S1 and S2 of spike protein of CoV2 are 
responsible for cell receptor recognition and membrane 
fusion. The N-terminal domain (NTD) and C-terminal 
domain (CTD) of Coronavirus S1 can both operate as 
receptor-binding domains (RBD) for ACE2 [8] (Fig. 1a).

ACE2 is a class I transmembrane protein and has an 
enzymatically active domain on the surface of lung cells 
and cells of other tissues. The most abundant expression 

of ACE2 and TMPRSS2 among the many cell types in 
respiratory tissues is found in bronchial transient secre-
tory cells [14]. After host cells are infected with CoV-2, 
ACE2 is internalised and its expression is reduced [15, 
16]. RAS’s uncontrolled action results in the production 
of a slew of cytokines and chemokines that lead to a 
cytokine storm syndrome and severe ARDS.

The virus protein can also be discovered in the cells 
of the stomach, duodenum, and rectal mucosa. Lactate 
dehydrogenase and other liver enzymes are high in more 
than half of COVID-19 patients, indicating liver or bile 
duct impairment. Wang et al. investigated the interac-
tion of gut ACE2 with SARS-CoV-2. The incidence of 
intestinal symptoms was modest despite the presence of 
ACE2 on intestinal epithelial cells, showing that the innate 
immune system is involved [17]. Paneth cells, on the other 
hand, secrete a human defensin 5 that binds to ACE2 and 
inhibits SARS-CoV-2 spike protein S1 recruitment [17].

Presence of ACE2 on Different Organs

Human tissues express the ACE2, TMPRSS2, 
and CTSB/L genes and proteins, and the ACE2 and 
TMPRSS2 genes appear to be co-regulated [18]. ACE2 
is found in a variety of tissues, including the gastroin-
testinal tract, blood-forming organs, liver, kidney, brain, 
and endothelial cells, with the bulk of ACE2 being 
found in enterocytes, tongue, and esophageal epithelial 
cells. ACE2 mRNA, on the other hand, is detected in 
practically all tissues [12, 19].

Because adipose tissue acts as a reservoir for 
microbial pathogens, obese people are more likely to get 
SARS-CoV-2 infection since they contain more adipose 
tissues. Diabetics have a stronger inflammatory response 
due to ACE2’s sustained glucose detection [11, 12, 14]. 
Patients with hypertension who are on treatment of 
ACE2-inhibitors have higher levels of ACE2 expression 
and are more susceptible to SARS-CoV-2 infection. TNF 
suppresses ACE2 and TMPRSS gene expression, which 
is stimulated by pro-inflammatory circumstances such 
as obesity, diabetes, and autoimmune disorders, as well 
as exercise, cigarette smoke, interferons, and androgens 
(reviewed in [13]).

Renin–Angiotensin System (RAS) and ACE2

The ACE2 is a major component of “renin–angiotensin  
system (RAS)”, also known as the “renin–angiotensin– 
aldosterone system (RAAS)”. RAS controls blood pressure 
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and electrolyte homeostasis, as well as the functions of a 
variety of critical organs such as the heart, blood arter-
ies, and kidneys [13]. The loss of RAS function has been 
linked to lung damage and ARDS, which can result in a 
poor prognosis and even death. RAS plays a vital role in a 
variety of diseases.

ACE2 is an active homologue of ACE found in a 
variety of tissues. The entry of viruses into host cells is 
the first stage in viral infection. ACE2 is the function-
ing SARS-CoV receptor, through which SARS-CoV can 
enter ACE2-expressing cells (Fig. 1b).

RAS is important in a range of clinical diseases, and 
ACE2 is a key component of the anti-RAS mechanism 
in both disease progression and defence. ACE2’s main 
role is to metabolise Ang II and produce the heptapeptide 
angiotensin-(1–7), which binds to the Mas receptor (Mas-
R). In the pulmonary system, Mas-R has vasodilatory, 
antiproliferative, and antifibrotic actions. 

When ACE2 removes the carboxyterminal phe-
nylalanine from Ang II, it forms the heptapeptide  
angiotensin-(1–7). When the actions of ACE2 and ACE 
alternate, angiotensin (1–7) is also produced without Ang 

Fig. 1   a). The metabolic pathway showing two axes of RAS system: (1) “Classical RAS ACE–Ang II–AT1 regulatory axis” and (2) “ACE2–Ang–
(1–7)–Mas counter-regulatory axis.” Abbreviations: (P) RR, (pro) renin receptor; Ang, angiotensin; ACE, angiotensin-converting enzyme; ACE2, 
angiotensin-converting enzyme 2; NEP, neutral endopeptidase; PEP, prolyl endopeptidase; PCP, prolyl carboxypeptidase. Courtesy Gupta and Gupta 
[13]. b). Structure of S CTD—human ACE2 Complex: The core subdomain and external subdomain in SARS-CoV-2- CTD are colored cyan and 
orange, respectively. hACE2 subdomains I and II are colored violet and green, respectively. The right panel (B) was obtained by anticlockwise rota-
tion of the left panel (A) along a longitudinal axis [PDB:6LZG]. Courtesy Wang et al. [8]
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II. Throughout this process, ACE2 hydrolyzes Ang I to 
produce angiotensin-(1–9). RAS dysfunction has been 
associated with the development of acute lung injury 
(ALI) and ARDS, both of which have a bad prognosis 
and can even result in mortality [14].

RAS is important in a range of clinical illnesses, 
and ACE2 is a key component of the disease’s pro-
gression and defence. ACE2’s principal function is to 
metabolise angiotensin II and generate the heptapep-
tide angiotensin-(1–7), which binds to the Mas receptor 
(Mas-R). In the pulmonary system, Mas-R has vasodi-
latory, antiproliferative, and antifibrotic actions. ACE2 
can remove the carboxyterminal phenylalanine from Ang 
II, resulting in the heptapeptide angiotensin-(1–7). Fur-
thermore, angiotensin-(1–7) is generated without Ang 
II when the effects of ACE2 and ACE alternate. Ang I 
is first digested by ACE2 to generate angiotensin-1–9, 
which is then degraded by ACE to form angiotensin-1–7. 
Angiotensin-(1–7) binds as a ligand to the G protein-
coupled receptor Mas, causing the opposite reaction to 
that of Ang II, and performs a variety of roles in many 
organs/systems [12]. Due to unbalanced ACE/Ang II/
AT1R and ACE2/angiotensin-(1–7)/Mas-R axis signal-
ing, COVID-19 causes hypercytokinemia, severe inflam-
mation, collateral tissue damage, and systemic failure.

INFLAMMATION AND ASSOCIATED DISEASES

Inflammation is a local or systemic immune cell 
response that involves the activation, recruitment, and 
action of innate and adaptive immune cells. Inflammation 
is critical for tissue repair, regeneration, and remodeling. 
Mild types of inflammation are required for tissue homeo-
stasis. There are several types of inflammation, according 
to evidence, and cells from other sections of the body are 
also implicated. Inflammatory responses are seen in the 
cells that line our blood vessels and the cells that line our 
skin, for example. As a result, it is a broader reaction that 
can affect cells all over the body. The inflammatory pro-
cess starts, when chemicals are released by injured tissue. 
White blood cells respond by producing chemicals that 
assist cells in dividing and growing in order to heal tissue. 
The inflammatory process can start even if there is no 
injury in chronic inflammation, and it does not stop when 
it should. However, there is debate over whether inflam-
mation is beneficial or harmful due to misinformation. 
As evident from several reports, we need to know details 
about the biology of inflammation and its relationship 

to cancer in order to discover the next breakthrough in 
cancer therapy [20–24].

Cancer as an Inflammatory Disease

Cancer has two hallmarks: immune evasion and 
dysregulation of energy metabolism, which may be func-
tionally related. Immunosuppressive metabolites and by-
products, such as lactate, are released by malignant cells 
in metabolically demanding conditions and developing 
a metabolic symbiosis with immune cells. This acidic 
tumor microenvironment (TME) has a significant impact 
on the immune cell profile of tumor-infiltrating immune 
cells, and is important for immunosuppression. The study 
of immune system and inflammation in cancer forma-
tion and its treatment has resurfaced as a major topic of 
research in recent decades. Inflammation is critical for 
tissue repair and regeneration. It is necessary for tissue 
homeostasis and maintenance. However, research reports 
have shown that there are different types of inflamma-
tion which involve cells from different parts of the body. 
Inflammatory responses are also seen in the cells that line 
our blood vessels and those that coat our skin. The inflam-
matory process in chronic inflammation can start even if 
there is no injury, and it does not stop when it should. 
However, there is still uncertainty over whether inflam-
mation is beneficial or harmful due to misinformation.

Inflammation plays a vital part in carcinogenesis 
and is a critical component of tumor growth, but it was 
not until the late 1990s that conclusive proof was discov-
ered. Infection, persistent irritation, and inflammation 
are all factors that contribute to the development of can-
cer. Inflammation increases all phases of carcinogenesis 
and prepares for the formation of cancer. To generate 
an inflammatory tumor microenvironment (TME), can-
cer cells, as well as adjacent stromal and inflammatory 
cells, engage in well-orchestrated reciprocal interactions. 
The phenotypic and functional properties of cells within 
the TME are constantly changing. References [23–25] 
discovered the origins of inflammation in tumors and 
proposed mechanisms by which inflammation gives rise 
to tumor formation, its development and spread. Greten 
and Grivennikov suggested that tumor-promoting inflam-
mation is similar to inflammatory processes found dur-
ing growth, immunity and tissue homeostasis, or tissue 
repair; and how inflammation can aid in the develop-
ment of anti-cancer therapy [25]. The TME, which is 
predominantly regulated by inflammatory cells, is now 
recognised as critical.
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At every stage of carcinogenesis, the immune sys-
tem plays a substantial pro- and anti-tumorigenic role. The 
immune system’s anti-tumorigenic function is endogenous, 
meaning that it occurs naturally in response to altered and 
malignant cells [25]. According to S.S.Watowich, “we 
need to know details about the biology of inflammation 
and its relationship to cancer in order to develop the next 
breakthrough in cancer therapy”. Watowich’s study focuses 
on how inflammation triggers T cell responses – the cells 
that clean out pathogens and even tumors that make us sick 
– and how these events are impacted in cancer.

Chronic inflammation has been related to pro-
inflammatory cytokines, chemokines and inflammatory 
enzymes and linked to a number of disorders, including 
cardiovascular disease, cancer, diabetes, arthritis, Alz-
heimer’s disease, pulmonary disease, and autoimmune 
disease [20]. Various infections have been related to the 
development of cancers such as gastric cancer, mucosal 
lymphoma, and cervical and liver carcinomas. Autoim-
mune diseases and inflammatory conditions of unknown 
origin are all known to increase cancer risk or progression 
(e.g. prostatitis for prostate cancer). Inflammation linked 
to cancer can cause genomic instability [20]. Chronic 
inflammation can damage DNA and lead to cancer if left 
untreated. Colon cancer is more common among persons 
who have chronic inflammatory bowel illnesses such as 
ulcerative colitis and Crohn’s disease. As a result, inflam-
mation is crucial in the development of tumors.

SARS‑CoV‑2 Infection and Its Pathogenesis

The pathogenesis of SARS-CoV-2 infection and 
inflammatory responses is linked to the damage of the 
airways. As a result, the severity of sickness in SARS-
CoV-2 patients is dependent not just on viral infection but 
also on the host response. ARDS is characterised by low 
blood oxygen levels and difficulty in breathing in severe 
cases. This could lead to respiratory failure, resulting in 
death in 70% of COVID-19 cases. Some patients may 
not survive due to subsequent bacterial and fungal infec-
tions. Furthermore, the massive production of cytokines 
by immune cells in response to viral and/or secondary 
infections can cause sepsis symptoms in 28% of fatal 
COVID-19 patients. Multi-organ failure, mostly of the 
cardiac, hepatic, and renal systems, is caused by uncon-
trolled inflammation in such instances [26, 27].

In COVID-19 patients, acidity levels in the blood 
and other regions of the body have been found to be 
higher. Hypoxia and acidosis, when combined, cause the 

patient’s state to rapidly deteriorate and lactate (lactic 
acid) levels in the blood show poor clinical outcomes. It 
is recommended that more attention be paid to prevent 
acidosis, particularly in the early stages of the disease, 
when it is less dangerous. During inflammatory activation, 
innate immune cells release a lot of lactate. Human studies 
demonstrate that expression of genes involved in lactate 
metabolism and transport is altered in human immune 
cells during infection and in vitro inflammatory activation 
with TLR ligands, implying that lactate metabolism plays 
a significant role in inflammation. Lactate appears to be a 
regulator of immune cell metabolism, resulting in reduced 
inflammation and possibly serving as a negative feedback 
signal to prevent excessive inflammatory reactions [28].

Inflammation and thrombosis, as well as trouble with 
gas exchange in the lungs, all contribute to the establishment 
of acidosis in the early stages of the disease. According to 
this theory, a drop in blood pH causes a drop in oxygen satu-
ration, which contributes to the exacerbation of acidosis and 
a worsening of the patient’s state. Low extracellular pH in 
patients can also cause conformational changes in proteins, 
which can lead to function loss. This suggests that maintain-
ing a normal blood pH is a treatment strategy for COVID-19 
and other inflammatory diseases [29].

SARS-CoV-2 syndrome is linked, in part, to immune 
system dysregulation involving three primary components: 
(1) increased innate immune activity; decreased production 
of type 1 interferon (IFN) by SARS-CoV-2-infected cells, 
and lowered levels of CD4+ and, in particular, CD8+ T 
cells. (2) When triggered, innate immune cells change their 
metabolism and increase glucose uptake in order to secrete 
pro-inflammatory cytokines. (3) Changes in glucose metab-
olism are also seen in pulmonary epithelial cells, resulting in 
cytokine dysregulation and pulmonary epithelial inflamma-
tion. (4) In severely ill patients, controlling hyperglycolysis 
may help to limit the overproduction of pro-inflammatory 
cytokines and optimise the adaptive immune system’s func-
tions. (5) According to reports, non-toxic quantities of 2-DG, 
the use of GLUT 1 inhibitors, large doses of antioxidants 
such as vitamin C, and high doses of N-acetylcysteine may 
be beneficial additional therapy options for these patients. 
Overall, knowing alterations in the glycolytic pathway linked 
to COVID-19 infection can aid in the development of new 
therapeutic options for this disease [30].

Metabolic Pathways in Inflammation

Inflammation is a defensive response that serves to 
protect and rebuild our tissues against infection, tissue 
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damage, or stress. Various cells are activated during the 
inflammatory response to combat injuries induced by a 
range of substances and to maintain tissue homoeostasis. 
Acute or persistent inflammation is possible. Inflamma-
tory processes are widespread in many diseases and can 
lead to the development of inflammatory disorders like 
autoimmune diseases, cancer, neurological diseases, and 
cardiovascular diseases [21, 22]. The key controllers of 
inflammation are now known to be immune cells and their 
metabolism [23]. An increasing amount of research sug-
gests that glycolysis and tricarboxylic acid (TCA) cycle 
produced metabolites can have immunomodulatory effects 
during inflammation. The most critical chemicals like suc-
cinate, citrate, and lactate, as well as epigenetic modula-
tors are signaling molecules which control the inflamma-
tory response and immune cells that reprogramme their 
metabolism to regulate or change their inflammatory 
phenotype. As a result, present research [24] looks for a 
metabolic shift as a source of inflammation.

Among inflammatory cells, Th1 and Th17 cells, 
reactive microglia, endothelial cells, and M1 mac-
rophages depend on glycolysis and glutaminolysis for 
their high biosynthetic and bioenergetic demand, with 

a dysregulated TCA cycle and higher rate of lipid syn-
thesis, as well as the pentose phosphate pathway (PPP) 
(Fig. 2). However, once the inflammatory reaction is over, 
regulatory and memory T cells, resting microglia, and 
M2-type macrophages rely on OXPHOS and fatty acid 
oxidation, and maintain tissue homoeostasis and dampen 
the response. Increased knowledge of inflammatory cells’ 
metabolic processes could be used therapeutically to 
lessen the intensity of inflammatory responses [23]. In 
the present report, we review the role of lactate and its 
regulatory enzyme, LDH, in the regulation of metabolic 
environment of inflammatory diseases with major empha-
sis on COVID-19 patients.

According to Krishnan et al. [31], increased plasma 
glucose and mannose levels were associated with the 
severity of Covid-19 illness. Blocking the metabolic 
pathways generated a considerable reduction in virus 
production. Glycolysis and glutaminolysis are important 
for virus replication. Severe SARS-CoV2 is thought to 
use and rewire mechanisms mediating central carbon 
metabolism, resulting in hazardous metabolite efflux and 
being linked to illness severity. As a result, perturbing the 
host metabolic system could be an appealing technique.

Fig. 2   Metabolic reprogramming in inflammatory (as cancer) cells (B) compared to normal cells (A).
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Denson et al. [2] suggested that metabolic syn-
drome was associated with increased risks of ARDS and 
death in patients hospitalised with COVID-19. The asso-
ciation with ARDS was cumulative for each metabolic 
syndrome criteria present [2]. The link between ARDS 
and each metabolic syndrome criterion was cumulative. 
Thus, we find similarity in metabolic pathways in car-
cinogenesis and viral diseases as COVID-19 (Fig. 2).

Reprogramming of Metabolism in Covid‑19

Aerobic Glycolysis or Warburg Effect

Metabolism is the heart of all biological processes 
that provides energy and building blocks for macromol-
ecules. Tumor cells generate a high amount of ATP and 
biosynthetic metabolites, which can aid in cancer cell 
survival and multiplication. Otto Warburg observed that 
even in the presence of oxygen, cancer cells consume a 
lot of glucose and produce a lot of lactate. This process 
of aerobic glycolysis was called “Warburg effect” [32].

Monocytes and macrophages in the lungs of 
COVID-19 patients in response to infection [33] respond 
to infection by releasing more inflammatory cytokines 
[31, 34]. SARS-CoV-2 replication in monocytes requires 
a metabolic base, in which glycolytic flux is significant 
and necessary for SARS-CoV-2 replication. Several stud-
ies have suggested that metabolic processes such glyc-
olysis, the TCA cycle, the pentose phosphate pathway 
(PPP), oxidative phosphorylation, amino acids, fatty acid 
(FA) synthesis, and nucleic acids synthesis (NA), among 
others, comprise various pathways that serve to main-
tain homeostasis. The disturbances in these pathways are 
responsible for the development of infectious and non-
infectious disorders [31, 35] (Fig. 2). However, Silva et 
al. showed that glycolysis can interfere with antiviral 
signaling [35].

Under normal physiology and in presence of oxy-
gen, pyruvate enters the TCA cycle and completely 
metabolises TCA metabolites to CO2, creating NADH 
and decreased FADH2 via the electron transport chain 
oxidative phosphorylation (OXPHOS). Through aero-
bic glycolysis, pyruvate can be converted to lactate in 
the presence of oxygen in cancer cells, without creating 
ATP but regenerating NAD+. Because glycolysis is inef-
ficient compared to OXPHOS, growing cells, such as can-
cer cells, prefer aerobic glycolysis [32]. This is known 
as metabolic reprogramming, and it occurs when cancer 
cells change their metabolism to meet their increased 

energy needs as a result of their rapid growth and multi-
plication (Fig. 2).

Glycolysis is a metabolic pathway that produces 
energy for biological functions. Glycolysis involves a set 
of enzymes that convert glucose to pyruvate. The LDH 
isoenzymes catalyse the interconversion of pyruvate and 
lactate, which is a crucial step in the anaerobic metabo-
lism of glucose when oxygen is unavailable or limited. 
The LDHA or LDH5 isoform catalyses the conversion 
of pyruvate to lactate preferentially, preventing pyruvate 
from entering the TCA cycle. The LDHB (or LDH1), on 
the other hand, is predisposed to convert lactate to pyru-
vate while also producing NADH [36].

When immune cells are triggered to create an 
inflammatory response, they also undergo metabolic 
reprogramming, like cancer cells, and preferentially 
employ glycolytic pathway as a source of energy dur-
ing peak of inflammation, whereas they favour OXPHOS 
metabolism during the resolution phase, developing a 
pro-resolving character (Fig. 2). As a result, it has been 
known in recent years that distinct metabolic pathways 
influence immune cell fate and the inflammatory response 
[23]. In addition to metabolic reprogramming, epigenetic 
alterations in internal organs caused by SARS-CoV-2 also 
contribute to systemic toxicity and death in COVID-19 
[37].

Reprogramming of Glucose Metabolism in COVID‑19

The molecular basis of COVID-19’s dysregulated 
glucose metabolism is poorly understood. The discovery 
of the molecular processes used by viruses and cancers 
in their host metabolism expands the therapeutic toolbox 
available to fight viral disease [38, 39]. Although viral 
infection is known to alter host cell metabolism for more 
than half a century, the processes and effects of virus-
induced metabolic reprogramming have been examined in 
depth only recently. Since viruses depend on the machin-
ery of the host cell to replicate–they choose anabolic met-
abolic pathways to generate the macromolecules required 
for virion replication and their synthesis.

Infection with RNA-containing viruses results in 
three types of anabolic reprogramming in host cell metab-
olism: (1) by increasing glucose uptake and switching to 
aerobic glycolysis, which involves upregulating rate of 
glycolysis and glucose transporters in the membrane; (2) 
resulting in an increase in the concomitant production 
of lactate, as well as upregulating both glycolysis and 
glycogenolysis, which provide TCA cycle intermediates 
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needed for enhanced lipogenesis; and (3) by activating the 
PPP that results in enhanced production of nucleotides 
required for viral replication [38].

Viruses and cancer cells take up resources like 
glucose at a faster rate to sustain metabolic signaling, 
i.e. aerobic glycolysis. For example, human monocytes 
grown in the presence of high glucose levels, after SARS-
CoV-2 infection, undergo metabolic reprogramming, 
which results in greatly increased viral multiplication and 
cytokine production such as TNF, IL-1, and IL-6 [40]. 
Lung epithelial cells die as a result of this. It explains why 
diabetics are more prone to CoV-2 and develop severe 
COVID-19. As a result, in diabetes, impaired glucose 
metabolism and metabolic derangement are an innate cel-
lular mechanism that favours SARS-CoV-2 pathogenesis.

Codo et al. demonstrated that SARS-CoV-2-infected 
blood monocytes can cause a cytokine storm (excessive 
synthesis and release of inflammatory cytokines), as seen 
in severe COVID-19. Surprisingly, increased glucose 
levels boosted SARS-CoV-2 multiplication, ACE2 tran-
scription, and cytokine secretion in monocytes, implying 
that elevated glucose is a major inducer of virus replica-
tion and inflammatory response. As a result, in diabetics, 
impaired glucose metabolism and metabolic derangement 
are the innate cellular mechanism that favours SARS-
CoV-2 pathogenesis [38]. Since 2-deoxy-d-glucose 
(2-DG) also inhibits glycolytic enzymes and LDHA as 
well as abolished viral replication and cytokine genera-
tion, it appears that glycolysis is a crucial event in SARS-
CoV-2 pathogenesis [40, 41]. In SARS-CoV-2-infected 
monocytes, there was also an increase in mitochondrial 
ROS and impaired oxidative metabolism [38–40, 42]. 
According to the observations, higher glucose metabo-
lism in COVID-19 patients could worsen adjacent cells 
by aerobic glycolysis and subsequent cytokine production 
in monocytes (Fig. 2).

During CoV-2 infection, the cell energetics is a 
critical aspect for inflammatory responses of the host 
metabolism during CoV-2 infection. Higher levels of the 
proinflammatory cytokine IL-1, linked to the produc-
tion of 3-phosphoglycerate, a glycolysis intermediate 
product, further imply a direct link between COVID-19 
and glucose metabolism. In another approach, glycolysis 
inhibition in mice with 2-DG reduced IL-1 production 
[34], proving this hypothesis. These findings suggest that 
metabolic rewiring with a shift toward aerobic glycoly-
sis increases SARS-CoV-2 propagation and cellular host 
response, similar to the cytokine storm caused by influ-
enza A virus (IAV) [41, 43]. Thus, glucose metabolism 

and glycolysis can act as antiviral targets for COVID-19 
treatment, particularly in individuals with metabolic dis-
orders [36].

Lipid Metabolism and CoV‑2 Infection

In viral infection, lipids perform a range of roles, 
including influencing lipid signaling, host cell metabo-
lism, and undermining the protective immune response. 
Studies have suggested that disrupting lipid synthesis 
affects virus replication, implying that lipid pathways are 
important target in viral disease research. Lipid levels are 
altered in SARS-CoV-2 patients, with larger quantities in 
individuals with a higher fatality rate [44–46], suggesting 
that changes in lipid metabolism may be a crucial event 
in COVID-19 development. Thomas et al. discovered an 
increase in “free fatty acids” in the blood, and their asso-
ciation with high levels of inflammatory cytokines during 
CoV-2 infection [46]. Another study highlighted the role 
of loss of blood malic acid and glycerol 3-phosphate in 
the mortality of patients suffering with either severe or 
mild COVID-19, suggesting a change in energy metabo-
lism in CoV-2 infection [45] (Fig. 2).

LACTATE–A KEY PLAYER 
IN THE INFLAMMATORY RESPONSE

Lactate Metabolism
For cellular integrity and function, an appropriate 

quantity of oxygen is required. Tissue hypoxia can lead 
to multi-organ failure and death if it is not treated. As a 
result, monitoring tissue oxygenation is a vital component 
of critical care, allowing for prompt intervention aimed at 
restoring a sufficient supply of oxygen. Tissue oxygena-
tion has been monitored using blood lactate concentration 
measurements. Only the introduction of electrode-based 
lactate sensors made it possible to monitor blood lactate 
levels in real time in a critical care scenario. The concen-
tration of lactate in the blood has been used to evaluate 
tissue oxygenation. Only the introduction of electrode-
based lactate monitoring made it possible to monitor 
blood lactate levels in real time in a critical care scenario. 
It is observed that patients with a high blood lactate level 
(hyperlactatemia) have a low blood pH (acidosis). Lactic 
acidosis is the result of a combination of hyperlactatemia 
and acidosis, the common cause of metabolic acidosis. 
The content of blood lactate in healthy people is kept 
between 0.5 and 1.5 mmol/L. This represents a balance 
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between the pace at which erythrocytes and other tissue 
cells produce lactate into the blood stream and the rate at 
which lactate is cleared from the bloodstream, primarily 
by the liver and kidney.

Lactate is primarily consumed and produced by 
skeletal muscles, the heart, and the brain [47]. Lactic acid 
levels are increased when the flow of blood and oxygen in 
the body is reduced by vigorous physical exercise or patho-
logical conditions–such as heart failure and sepsis. Lac-
tate has long been thought of as a “waste” product of cell 
metabolism that builds up at sites of inflammation [48–50].

Inside cells, LDHA catalyses the forward and back-
ward conversion of pyruvate to lactate. LDHB, on the 
other hand, converts lactate to pyruvate. Lactate levels 
in the blood appear to be a chemical predictor of sick-
ness severity in all circumstances. Lactate is a key mol-
ecule involved in COVID-19 mortality, similar to cancer, 
according to the findings discussed in this review. The 
possible targeting of LDH and lactate production in seri-
ous COVID-19 patients is discussed [51] (Fig. 3).

Lactate: the Prime Causative Factor 
of Inflammation

The serum lactate level has been included in the 
recent consensus definitions for septic shock. Lac-
tate is a foremost component of the inflammatory 

microenvironment. On the one hand, proinflammatory 
cells such as inflammatory M1 macrophages, Th1 and 
Th17 lymphocytes, and activated microglia may quickly 
give energy to fuel inflammation, regulatory T cells or 
M2 macrophages, on the other hand, which are engaged in 
inflammation resolution, preferentially employ fatty acid 
oxidation via the TCA cycle for production of energy.

Lactate buildup is a feature of inflammatory areas, 
including rheumatoid arthritis (RA) synovitis, and is 
partly responsible for the creation of an acidic environ-
ment. Lactate can be sensed by T cells via the production 
of particular transporters, which inhibits their mobility. 
Lactate’s interference with intracellular metabolic path-
ways, particularly glycolysis, causes this “ inhibitory sig-
nal”. Lactate also increases the conversion of CD4+ T 
cells to an IL-17+ fraction while lowering the cytolytic 
activity of CD8+ T cells. Autoantibody generation at 
inflammatory locations, such as in RA synovitis, multi-
ple sclerosis, and other autoimmune disorders, could be 
caused by these processes [52].

To fulfil their high energy and biosynthetic require-
ments, inflammatory cells switch their metabolism to gly-
colysis [23]. Interestingly, metabolites that accumulate 
under glycolytic settings have been shown to enhance the 
inflammatory response by modifying intracellular signal-
ing pathways, remodeling the epigenetic landscape, and 
controlling posttranscriptional and post-translational 

Fig. 3   Physiological role of lactate in the body: Lactate: as alternate energy source during exercise; as energy source in brain through lactate shut-
tle in astrocyte; as a source for gluconeogenesis; and as a signaling molecule (lactormone).
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alterations, among other things. In terms of its impact 
on inflammation, immunological and vascular cells’ gly-
colytic metabolism can be used to target inflammation-
related diseases [23] as COVID-19 (Fig. 4).

Genetic Modifications by Lactate

The role of glycolysis deregulation has been linked 
to epigenetic gene regulation mechanisms in cancer cells. 
Pyruvate, in particular, affects histone acetylases (HAT) 
and deacetylases (HDAC), resulting in an increase in gly-
colytic enzymes and transporter transcription. As a result, 
glycolysis metabolites may be involved in epigenetic feed-
back loops, necessitating further investigation. Further-
more, exposure of muscle cells to lactate has been shown 
to cause a significant change in gene expression [53].

Zhang et al. reported lactate-derived histone lysine 
lactylation as epigenetic modification, claiming that 
histone lactylation increases gene transcription from 

chromatin directly [54]. In human and mouse cells, 
Zhang and colleagues discovered 28 lactylation sites on 
core histones. Lactylation of histones occurs at a differ-
ent time than acetylation. Increased histone lactylation 
promotes homeostatic genes involved in wound healing 
in the late stages of M1 macrophage polarisation. Histone 
lactylation is a novel approach in understanding lactate’s 
functions and its role in a variety of pathophysiological 
conditions, such as infection and cancer [54].

Lactate‑Induced Lactic Acidosis

Lactate is important for a variety of biological and 
clinical processes. In critically ill patients, blood lactate 
concentration is frequently tested. Lactate is produced as a 
by-product of glycolysis and is thought to be the outcome 
of cellular oxygen deficiency caused by tissue hypoperfu-
sion. Blood lactate levels that are decreasing are stronger 
indications of seriousness of a disease. Lactate production 

Fig. 4    Lactate shutle ststem:  In aerobic glycolytic pathway, glucose from the bloodstream enters the cell cytosol via the glucose transporter 
(GLUT) (1). In the cytosol glucose is broken down into pyruvate via the glycolytic process (2). While pyruvate enters the mitochondrion, allow-
ing respiration and energy production (3) to continue in the TCA cycle, the cytosolic lactate, produced by the cytosolic LDH (4), is exported to the 
extracellular compartment via monocarboxylate transporter (MCT) (5), where it is redistributed to other functional sites. The cytosolic lactate also 
enters the mitochondria (6) and is converted to pyruvate in the presence of mitochondrial mLDH (7), forming the basis of the intracellular lactate 
shuttle system [44].
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is aided by hypoxia, inflammation, viral infection, and 
malignancies. To carry out its complex functions, lactate 
activates G protein-coupled receptor 81 (GPR81) or shut-
tles across membranes via monocarboxylate transporters 
(MCTs). Lactate is now recognised as a functional chemi-
cal capable of influencing immunological responses.

Lactate is a product of glucose metabolism and the 
end product of anaerobic glycolysis. It is formed when 
lactic acid is dissociated into an anion. In the cytoplasm 
of all cells, the glycolytic process can run anaerobically. 
The enzyme lactate dehydrogenase converts pyruvate to 
lactate in the final phase of anaerobic glycolysis. This 
final step produces NAD+, which is required for anaero-
bic glycolysis to proceed. Pyruvate is not preferentially 
converted to lactate in well-oxygenated tissue cells which 
contain mitochondrion, rather converted to carbon diox-
ide and water in mitochondria via lactate shuttle asso-
ciated with the citric acid cycle and electron transport 
chain. During hyperlactatemia, lactate concentration in 
the resting blood is unusually high (> 1.5 mmol/L) and 

linked to an abnormal accumulation of hydrogen ions 
(H+) and a predisposition to acidosis [55].

Elevated blood lactate levels have been associ-
ated with vigorous exercise and pathological conditions 
including shock, sepsis, cardiac arrest, trauma, seizure, 
ischemia, cancer, rheumatoid arthritis synovitis and oth-
ers [56–59]. Although clearance declines in some clini-
cal situations, such as septic conditions in humans and 
animals, hyperlactemia is linked to lower clearance rather 
than increased production [60]. Although lactate clear-
ance as a resuscitation endpoint for revival has poten-
tial, additional research is needed in this field, because 
of limited sensitivity and specificity of the lactate assay 
[61] (Fig. 5).

Lactate is linked to treatment for a variety of ill-
nesses [62]. Lactate levels in the blood should be between 
0.5 and 1 mmol/L in order to be considered normal. A 
persistent, mild to moderately increased lactate level 
(2–4 mmol/L) without metabolic acidosis is referred to as 
hyperlactatemia. When tissue perfusion and oxygenation 

Fig. 5   Role of lactate as a key player in inflammatory cells such as cancer cells: Abbreviations used: DC, dendritic cell; EC, endothelial cell; 
GLUT, glucose transporter; IL, interleukin; MCT, monocarboxylate transporter; PPP, pentose phosphate pathway; ROS, reactive oxygen species; 
TAF, tumor-associated fibroblast.
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are adequate, this can happen. Arterial blood lactate is 
equivalent to or lower than in central venous blood under 
healthy conditions. Lung damage in COVID-19 patients 
is paralleled by arterial lactatemia that is higher than 
central venous lactatemia, which is then followed by the 
administration of an immune suppressant drug (as canaki-
numab). One of the outcomes of the COVID-19-related 
cytokine storm is a reversed Delta a-cv lactate, which 
could represent a disruption in the lung cell’s mitochon-
drial metabolism caused by inflammation or other uncou-
pling mediators. Delta a-cv lactate decrease may suggest 
canakinumab’s anti-inflammatory activity, according to 
a small study [62] (Fig. 5). One of the outcomes of the 
COVID-19-related cytokine storm is a reversed Delta 
a-cv lactate, which represents a disruption in the lung’s 
mitochondrial metabolism caused by inflammation or 
other uncoupling mediators. According to a small study 
[62], a decrease in delta a-cv lactate may indicate canaki-
numab’s anti-inflammatory activity (Fig. 5).

Under physiological pH 7.4, most lactate is depro-
tonated and present as lactate anion, a negatively charged, 
physiologically active form [50]. The generation of sig-
nificant amounts of lactate in cancer causes an acidifica-
tion of extracellular microenvironment at pH 6.0 to 6.5. 
Angiogenesis and immunosuppression are aided by aci-
dosis, which has been associated with a worse clinical 
outcome. Lactate is an essential oncometabolite that acts 
as a switch in cancer’s metabolic reprogramming. Lac-
tate levels above a certain threshold are linked to a poor 
prognosis for cancer. H+-monocarboxylate transport-
ers (MCTs) transport lactate and a hydrogen ion out of 
the cell together, causing the immediate environment to 
become acidic. The resulting drop in pH may aid cancer 
cell invasion and metastasis by destroying normal host 
cells, freeing up space for the tumor and maybe releasing 
nutrients that the tumor can ingest. Furthermore, secreted 
lactate has been suggested as a source of nutrients for 
nearby cells. Lactate, which is secreted by cancer cells, 
has also been proposed as a source of nutrition for non-
tumor stromal cells. In terms of lactate recycling, can-
cer can be viewed as a micro-ecosystem in which the 
various tumor components participate in complimentary 
metabolic pathways that allow for the recycling of waste 
product molecules from aerobic glycolysis to support 
tumor growth. Glutaminolysis, in addition to glycolysis, 
is another source of energy that contributes to increased 
lactate buildup in tumor cells [58, 63–66] (Fig. 5).

Above discussion suggests that lactate levels can be 
followed in the pathogenesis of COVID-19 and lactate 

blockers can be used to treat the patients. The lactate-
induced acidosis hypothesis states that lactic acid is dis-
sociated into lactate ions and hydrogen (H+) while enter-
ing skeletal myocytes under hypoxic conditions, such as 
during anaerobic exercise [50]. Acidosis is produced as 
a result of this process, which disrupts the cross-bridge 
cycle and reduces the ability of such cells to contract. 
Overall, studies imply that lactate accumulation during 
exercise disrupts the acid–base balance within skeletal 
muscle, resulting in decreased physical performance.

Despite the fact that the physiology and pathology 
of acidosis are substantially more complicated than the 
generation of protons in any metabolic route, it is estab-
lished that acidosis happens during exercise and other 
conditions. Blood pH (H+) is hypothesised to be influ-
enced by the partial pressure of CO2 (pCO2), the con-
centration of weak acids in plasma (mostly amino acids 
and proteins), and the strong ion difference (SID meq/L) 
(the sum of the strong cations’ concentrations minus the 
sum of the strong anions) [47].

Metabolic Shift from OXPHOS to Aerobic 
Glycolysis in Sepsis

Sepsis is an infection-related clinical condition 
defined by a systemic inflammatory reaction. Patients 
with sepsis-induced cytokine storm have a significant 
mortality rate due to elevated blood lactate and poor 
lactate elimination. There is frequently a metabolic shift 
from mitochondrial OXPHOS to aerobic glycolysis dur-
ing critical illness. Nalos et al. employed transcriptome 
analysis to look at the cellular metabolism of nonhypoxic 
critically ill individuals’ circulating blood cells and dis-
covered that metabolic pathways are reprogrammed 
significantly during critical illness. These researchers 
concluded that during critical sickness, aerobic glycoly-
sis occurs in nonhypoxic cells [64]. Lactate production, 
multiple organ dysfunction, and poor outcomes are all 
linked to this transition. Lactic acid reduced LPS-induced 
cytokine production and NF-B-mediated transcription of 
cytokine production in mouse mast cells. In addition, 
lactic acid dramatically reduced cytokine production in 
mice after LPS-induced endotoxemia. This suggests that 
increasing glycolysis and ATP generation could boost 
immune function by counteracting the immunosuppres-
sive effects of lactic acid in sepsis [65] (Fig. 2).

Lactic acid levels began to rise dramatically on the 
18th day of the patient’s sickness with normal pCO2 levels 
in a fatal case of metabolic acidosis following cytokine 
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storm in a COVID-19 patient. It was thought that the cause 
of the cytokine storm was metabolic acidosis, which is 
akin to severe bacterial sepsis. Another possibility is that 
COVID-19 individuals have significant microvascular 
thrombosis, which causes tissue hypoxia. High lactic acid 
levels appeared to be linked to a high WBC count, while 
there is also the possibility of mitochondrial damage from 
lopinavir and ritonavir treatment [66].

Lactate as Activator of HIF1 and Glycolysis

The tumor stromal extracellular lactate is one of the 
HIF1 activators. The discovery of a link between meta-
bolic and genetic differences in cancer cells has rekindled 
interest in cellular metabolism [67, 68]. One of the HIF1 
activators is tumor stromal extracellular lactate. Akt (Akt, 
a serine/threonine kinase earlier known as protein kinase 
B (PKB)) is known to activate HIF-1 in hypoxic setting, 
which upregulates enzymes involved in anaerobic glyco-
lysis and glucose influx. Akt also speeds up the creation 
of lipids, which is a crucial mechanism for cell growth-
related membrane synthesis. Lactate preconditioning 
appears to prime fibroblasts to switch from OXPHOS 
to glycolysis, in part via stabilising HIF-1 through ROS. 
Lactate preconditioning increases the quantity of MYC 
and SNAI1 transcripts, which are important facilitators 
of early somatic cell reprogramming [69, 70]. Thus, all 
genes of glycolytic enzymes of glucose metabolism are 
transcriptionally stimulated by HIF-1 (Fig. 5).

Effect of Lactate on Immune Metabolism

Lactate regulates monocytes, NK Cells, mast cells, 
T cells, tumor cells, fibroblasts, dendritic cells, the polari-
sation of macrophages, and the differentiation of Th1, 
Th17, myeloid-derived suppressed cells (MDSCs) , and 
Tregs, all of which contribute to the host’s immune home-
ostasis and their effects on viral infection, acute inflam-
mation, chronic inflammation, sepsis, and tumor immu-
nosuppression [71]. Lactate has a double-edged influence 
on host immunity and associated inflammatory reactions, 
making it a promising target for treating tumors and infec-
tious illnesses [71]. Lactic acid suppresses the cytotoxic 
activity of human CTLs by suppressing their proliferation 
and cytokine generation by up to 95%. Because lactic acid 
buildup in cells impairs cellular metabolism, activated 
T cells that use glycolysis rely on effective lactic acid 
generation (Fig. 5).

T Cells

The importance of aerobic glycolysis in innate 
immune cell metabolism during immune activation has 
been highlighted in recent years. The magnitude of T cell-
mediated immune responses in unfractionated lymphocytes 
is regulated by l-lactate. External lactate prevents mito-
genically activated T cells from using glucose. On immune 
cells, tumor-derived lactate is immunosuppressive, similar 
to the immunosuppressive phase of sepsis [72, 73].

TCR (T cell receptor) interaction triggers cellular 
immune responses, tightly controlled by cytokines, which 
then influence differentiation, proliferation, and survival. 
Altering metabolic pathways can affect the actions of 
immune cells and their different cellular subtypes, and 
how they produce and expend energy [74, 75]. For exam-
ple, naïve T cells are quiescent, with a low energy demand 
that is met primarily via oxidative phosphorylation, but 
after TCR activation, T cells markedly increase their meta-
bolic activity via aerobic glycolysis and later upregulating 
oxidative ATP production [75], with production of a range 
of cytokines, during growth, by signaling events gener-
ated by TCR and the co-stimulatory molecule CD28 [76, 
77]. Lactate’s role in modifying proi-nflammatory T cell 
motility and effector activity has been verified in numer-
ous studies, providing a possible molecular basis for T 
cell entrapment and functional alterations at the sites of 
chronic inflammation [49, 63] (Fig. 5).

Cytotoxic T Cell Responses

(a)	 Proliferation of resident T cells
Residents T cells proliferate in the lungs in severe 

COVID-19 patients, accounting for the bulk of T 
cells, in contrast to CD8+ effector cells which pro-
liferated in moderate instances, because of sym-
biotic connection between alveolar macrophages 
and resident CD-8 cells [78]. Beiter and colleagues 
suggested that exercise may play a role in reducing 
harmful local T cell growth [79, 80]. On the other 
hand, glycolysis and lactic acid had no effect on 
CD8+ T cell motility. Mueller et al. [81] postulated 
a molecular basis for functional alterations in T cells 
at inflammatory sites as well as targeted therapeutics 
for chronic inflammatory diseases (Fig. 5).

(b)	 Effect of lactate on T cell effector function
Lactate has been shown to affect pro-inflammatory T 

cell motility and effector functions [53, 55, 63]. 
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Lactate increase has been reported to produce a 
stop-migration signal in T cell effectors in inflamma-
tory conditions. Lactate stimulates CD4+ T cell for 
IL17 production and inhibits CD4+ T cell motility 
by increasing fatty acid synthesis and downregulate 
glycolysis [53]. Lactic acid, on the other hand, sup-
presses the death of CD8+ T cells.

Interleukin (IL)-2, a cytokine with pleiotropic actions and 
therapeutic effects, is used to expand cells for adop-
tive cell therapy [82]. IL-2 boosts stem cell memory 
T cells and antitumor responses. However, besides 
its beneficial effects, IL-2 can induce T cell differ-
entiation and diminish antitumor efficacy [83], while 
IL-21 promotes terminal differentiation, resulting in 
lymphocytes that are ineffective against malignan-
cies. During investigation of the role of metabolic 
reprogramming induced by IL-2 and IL-21, sup-
ported by Hermans et al. [84] who suggested that 
LDH plays a major role in modulating cytokine-
mediated T cell differentiation.

Lactic acid, being a pro-inflammatory mediator, can 
stimulate the IL-23/IL-17 pro-inflammatory path-
way, which is viewed as a key detrimental route 
in the setting of COVID-19 infection [56, 57, 79]. 
Inflammatory and autoimmune illnesses, as well as 
cancer, are caused by IL-17A, which is produced 
by Th17 cells. Toll-like receptor (TLR) ligand-
mediated expression of IL-23 is enhanced by 
tumor-derived lactic acid, resulting in an increase in 
pro-inflammatory IL-17A production. The key cell 
types involved in lactic acid’s potential to increase 
IL-17A production are macrophages and effector/
memory CD4+ T cells. Th17 cells released signifi-
cant levels of IL-17A despite lactic acid suppress-
ing their growth. Lactate causes T cells to release 
more IL-17, and causes cytolytic activity to be lost 
[85, 86] (Fig. 5).

(c)	 Lactate stimulates lactate transporters on T cells
Lactate buildup in inflamed tissue causes human CD4+ 

T lymphocytes to upregulate the lactate transporter 
Slc5a12. Lactate absorption by Slc5A12 causes a 
change in the effector phenotype of CD4+ T cells, 
culminating in enhanced IL-17 production via 
nuclear PKM2/STAT3 and increased fatty acid syn-
thesis. The expression of particular lactate transport-
ers by distinct subsets of T cells, such as sodium 
lactate transporter Slc5a12 in CD4+ T cells and 
lactic acid transporter Slc16a1 in CD8+ T cells, 
determines the functional alterations of these critical 

properties of T cells. Lactate transporters on T cells 
can, therefore, be viewed as new therapeutic targets 
for chronic inflammatory diseases [63].

Antibodies that block Slc5a12 in a murine model of 
arthritis lessen the severity of the disease. Lactate/
Slc5a12-induced metabolic reprogramming has been 
postulated as a differentiating feature of lymphoid 
synovitis in individuals with rheumatoid arthritis, 
as well as a potential therapeutic target in chronic 
inflammatory disorders [57]. Lactate, in turn, causes 
Slc5a12 expression on human CD4+ T lymphocytes 
in inflamed tissue.

Macrophages: Polarisation and Phenotype Switching

Macrophages’ phenotype depends on anatomic region 
where they are present. They can switch their character 
according to environment. Reports suggest that tumor-
derived lactate directs cancer-associated macrophages to 
become M2-like polarised cell, which suppresses tumor 
growth in the microenvironment [70]. Lactate also inhibits 
the synthesis of TNFα, a pro-inflammatory cytokine, and 
delays LPS-induced signaling [87, 88]. However, genetic 
deletion of GPR81, the lactate receptor or its suppression 
by its antagonist, can limit the effect of lactate on immu-
nological activities [73, 89] (Figs. 2 and 5). Lactate from 
macrophages can also act as a regulatory signal, allowing 
macrophage-like accessory cells to improve helper T cell 
function [57].

M1 macrophages produce a lot of pro-inflammatory  
cytokines, have a lot of microbic and tumoricidal activity, 
and have a lot of reactive nitrogen and oxygen species, 
and they promote the Th1 response. M2 macrophages, 
on the other hand, support tumor formation and suppress 
effector T cells while also clearing parasites, remod-
eling tissue, resolving inflammation, and tolerating self- 
antigens [90]. Macrophages switch from M1 to M2 dur-
ing aerobic exercise, resulting in an improvement in 
inflammatory condition due to a decrease in LPS pro-
duced by exercise [91, 92]. Lactate regulates YAP and 
NF-B activation, which affects the lactate-suppressed  
macrophage pro-inflammatory response, such as reduced  
pro-inflammatory cytokine production in macrophages 
[72, 73] (Figs. 2 and 5).

Lactate influences the immunological response in 
prostatic adenocarcinoma at the stromal level, includ-
ing the activation of tumor-associated macrophages 
(TAM) and the inhibition of cytotoxic T cells [93–95]. 
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Tumor-associated macrophages have the ability to speed 
up the course of cancer. The lactate-ERK/STAT3 signal-
ing pathway, which stimulates macrophage M2-like polar-
isation and is a possible novel therapeutic target for breast 
cancer, is the driver of breast cancer progression [95].

NK Cells

Natural killer cell (NK cell), the prototypic member 
of the innate lymphoid cell family, is the founder mem-
ber of innate immune system. These effector lymphocytes 
control microbial infections and their expression, as well 
as a variety of malignancies. NK cells are found in almost 
all human tissues and have activating and inhibitory 
receptors, characterised in humans by phenotypic marker 
CD56 [96]. While killing virus-infected target cells, the 
balance of force between activating and inhibiting recep-
tors serves to shield normal cells from the harmful effects 
of NK cells. IL-12 has the ability to activate NK cells.

NK cell levels are significantly reduced but strongly 
activated in COVID19 patients with severe disease relative 
to controls [13, 97, 98] with a preference for dim CD56dim 
phenotype cells over bright phenotype CD56bright cells. 
The pro-inflammatory and cytotoxic roles of CD56dim 
cells are counter-balanced by CD56bright cells. According 
to research, a cytokine storm that occurs during COVID-
19 development may cause NK cell malfunction. Incu-
bation of NK cells with COVID-19 plasma, particularly 
plasma from individuals with severe illness, causes NK 
cell effector capabilities to be decreased in response to 
K562 cell stimulation. Researchers also found indica-
tions that cytokines (like IFN and IL-6) and inhibitory 
checkpoint receptors (like NKG2A and TIGIT) may play 
a role in NK cell dysfunction in COVID-19 patients, sug-
gesting that these molecules could be used as targets to 
improve NK cell activity. According to reports, at low lac-
tate levels, distinct NK cell subsets mobilise differentially 
in response to aerobic exercise. During the post-exercise 
recovery phase, the ratio of CD56bright to CD56dim cells 
favours the CD56bright subgroup [99]. Acidosis caused by 
lactic acid inhibited the generation of IFN-γ by NK cells in 
many cancers, and reversing tumor acidosis increased NK 
cell activity and tumor cell regression [100, 101] (Fig. 5).

Dendritic Cells (DCs)

DCs are antigen-presenting cells (APCs), which 
have their ability to activate immune naive T cells and 

elicit immune response in first instance. DCs outper-
form macrophages and B cells when it comes to activat-
ing naive T cells. They stimulate T cells to a wide range 
of antigens and are found in almost all organs, exclud-
ing the brain, where they act as tissue-resident APCs. 
There are three types of DCs: conventional DCs (cDCs), 
plasmacytoid DCs (pDCs), and monocyte-derived DCs 
(mDCs). pDCs are an uncommon form of immune cell 
that secretes significant amounts of type 1 interferon in 
response to a viral infection and have regulatory func-
tions, whereas cDCs control immunogenicity. In severe 
COVID-19 patients, CD1c+ conventional DCs transfer 
from the blood to the lungs, whereas CD123hi pDCs are 
missing in the blood and almost non-existent in the lungs 
[102]. However, aerobic exercise causes the opposite 
changes in DC differential counts in severe COVID-19 
patients [90, 91]. Lactate buildup was associated with 
decreased DC movement into the bloodstream [103]. 
Tumor-derived lactic acid is also critical for modifying 
DC phenotype in the tumor microenvironment, and it may 
help with tumor-escape mechanisms [85].

Since high amounts of lactate production dur-
ing high-intensity anaerobic exercise can influence NK 
cells, macrophages, DCs, and cytotoxic T cells, as well as 
immunological indicators including serum IL-6, it is rec-
ommended that other lactate-blocking strategies should 
be employed in inflammatory therapies, in addition to 
beta-blockers, for treatment of COVID-19 patients [104].

Metabolic Acidosis and Complement Activation

The Complement System  Complement is the heat 
labile proteinaceous component of the innate immune 
system, present in the blood plasma. Complement pro-
vides protection against invading microrbial patho-
gens through both antibody-dependent and antibody- 
independent mechanisms. It kills microbial pathogens 
by opsonisation, chemotaxis and direct cytolysis through  
C5b-9 membrane complex.

Complement also functions as a link between the immune 
and coagulation systems. Around 40 inactive proteins, includ-
ing circulating zymogens (proteases which are activated by 
themselves), a fluid phase and membrane-bound regulators, 
and cell-bound receptors, form the complete complement 
system. Complement is activated through three pathways 
which involve these proteins: classical pathway (CP), alter-
nate pathway (AP), and lectin pathway (LP) [105] (Fig. 6). 
The initial chemical complexes and triggering signals are the 
only differences between the CP and LP pathways [106].
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The CP’s initiator complex consists of one complement 
C1q, one serine protease C1r, and one serine protease 
C1s forming C1qrs. The C1qrs complex is activated by 
binding to molecules such as lipopolysaccharide (LPS), 
viral proteins, C-reactive protein (CRP), and myelin, 
although it can also be activated without binding to an 
antigen–antibody combination. Carbohydrate recognition 
molecules as mannose-binding lectin (MBL), ficolins, or 
collectin-11 are linked with serine proteases, notably 
MASP-1, MASP-2, and MASP-3, to form LP-initiating 
complexes with pathogen [107]. The lectin pathway (LP) 
is activated when the carbohydrate recognition molecules 
of the LP recognise certain sugar patterns on the surfaces 
of invading microbial pathogens. Unlike CP and LP, how-
ever, AP activation is caused by an imbalance between 
activating and inactivating signals operating on a steady-
state tick-over process [108]. AP also serves as a loop for 
signal amplification from the other two routes [109]. AP 

activation, unlike CP and LP, is triggered by an imbalance 
between activating and inactivating signals in a “steady-
state tick-over process” [108]. AP also serves as a loop 
for signal amplification from the other two routes [109].

Finally, the three complement pathways come 
together at a C3 convertase (an enzyme) site, where C3 
is cleaved into a big product, C3b, and a tiny fragment, 
C3a. C3a is an anaphylatoxin that causes inflammation, 
whereas C3b is an opsonin. When many molecules of 
the C3b bind to C3-convertases (either from CP/LP or 
AP), C5-convertase is assembled, which cleaves C5 
into the strong anaphylatoxin C5a and the opsonin C5b. 
Target cell opsonisation with C5b permits the mem-
brane attack complex (MAC) to be assembled from ter-
minal complement components C6, 7, 8, and 9, which 
insert into target membranes and form channels that 
impair membrane function and induce target cell lysis 
[98, 110] (Fig. 6).

Fig. 6   Complement activation pathways: (1) Classical pathway (CP) is initiated by binding of C1 complex (C1qC1rC1s) to an Ag–Ab complex. 
(2) The lectin pathway (LP), similar to classical pathway, is initiated by binding of mannose-binding lectins (MBLs) to specific carbohydrate struc-
tures, present on pathogens. Both of these pathways initiate the hydrolysis of C2 and C4 and result in the formation of C2a and C4b, which form the 
C3 convertase (C4bC2a). C3 is further cleaved into C3b (an opsnin) and C3a (an anaphylatoxin). (3) The alternate pathway (AP) is activated when 
C3, a zymogen found in high concentrations in serum, undergoes spontaneous hydrolysis. C3(H2O) binds a factor B (FB), and the resulting pro-
convertase complex is activated by factor D (FD), resulting in the C3 convertase C3bBb or C3(H2O)Bb. These early C3 convertases further activate 
AP, resulting in AP amplification. After that, the final route is triggered, resulting in C5 cleavage and the production of MAC. C3b, generated in 
all three pathways, opsonises the target, attaches to a C3 convertase to make [C4b2a3b or (C3b)2Bb] trimolecular C5 convertases, and generates 
additional C3b via AP. C5 breaks into C5a, a potent anaphylatoxin, and C5b, which starts the final lytic cascade, resulting in the formation of the 
complex membrane assault complex (C5b-9, MAC). Inflammation (through the AP and terminal pathways), pathogen and cell lysis (by MACs), and 
opsonisation (pathogen clearance and by-products of different pathways) are the end outcomes of complement activation.
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Effect of pH on Complement  In COVID-19 patients, 
the complement system has been found to cause immu-
nological damage. The complement has received little 
attention in the search for effective anti-inflammatory 
treatment options. Complement activation is highly sen-
sitive to metabolic pH [111, 112], and is substantially 
triggered at pH below 7.1. Because arterial blood pH 
is fixed at 7.4, complement plasma proteins in blood 
arteries are unlikely to be exposed to very low pH even 
in sick conditions. However, at the sites of inflamma-
tion, the pH drops significantly, to 6 or below [113]. 
This physiological reality has just recently been recog-
nised and addressed by Kenawy et al. [114]. Chronic 
kidney disease (CKD) with metabolic acidosis is of  
special relevance, as therapeutic alkalinisation of urine 
after sodium bicarbonate (NaHCO3) has been found 
to lower tubular complement activation impact, which 
has substantial implications for slowing CKD progres-
sion [115, 116]. Direct pH measurements, on the other 
hand, have failed to support direct complement acti-
vation by acidosis. As a result, more likely explana-
tions include AP activation and pH-sensitive cross-talk 
between the coagulation (contact) and complement  
systems [117].

LDHA: THE TARGET PROTEIN FOR COVID‑19 
THERAPY

LDH Isozymes
According to reports, lactate levels in the blood are 

a chemical indication of sickness severity in all circum-
stances. The final crucial stage in the anaerobic metabo-
lism of glucose is as follows when oxygen is in inad-
equate quantity:

The LDHA4 isoform of lactate dehydrogenase (also 
called LDHA or LDH5) catalyses the formation of lactate 
from pyruvate (Eq. (1)), preventing pyruvate from enter-
ing the TCA cycle. The NADH oxidation process ena-
bles for the regeneration of NAD+ molecules, which are 
essential for glycolysis to continue producing ATP. On the 
other hand, the LDHB4 (LDH1) enzyme is predisposed to 
convert lactate to pyruvate while simultaneously creating 

(1)Pyruvate + NADH + H+ → Lactate + NAD+

NADH. It regenerates NAD+ during this process, which 
is required for glycolysis to continue [38, 48]. The oxi-
dative phosphorylation process, which produces ATP, 
is disturbed in anaerobic or hypoxic environments. As a 
result, LDH is increased in order to meet the increased 
demand for energy.

Somatic LDH

The LDH family of proteins is a terminal enzyme of 
glycolytic pathway that is found in tissue and cell-specific 
patterns throughout the body. The LDHA version of the 
enzyme, which is translated into a 332 amino acid pro-
tein, is encoded by a gene on chromosome 11p15.4. The 
LDHB gene on chromosome 12p12.1 produces a 334-
amino acid protein [118].

In a single cell, LDH exists in multi-molecular 
tetrameric forms. LDH monomers A or M (muscle type) 
and B or H (heart type) and their related genes (LDHA 
and LDHB) are found in mammalian somatic cells [118, 
119]. The A and B subunits form tetramers to produce 
five distinct isoenzymes (LDH-1 to LDH-5), which con-
tains either of LDHB4 (LDH-1); LDHB3:A1 (LDH-2); 
LDHB2:A2 (LDH-3), LDHB1:A3 (LDH-4) or LDHA4 
(LDH-5) subunits. LDH isoenzyme’s 3D structure 
depends on the origin of tissue. LDH1 is found mostly 
in heart tissue, red blood cells, and kidney cells, whereas 
LDH5 is found primarily in hepatocytes and skeletal mus-
cles [120]. Tissues with a stable oxygen supply (heart, 
brain) have a high B content, whereas tissues that create 
huge amounts of lactic acid, such as muscle, have a high 
A monomer concentration. It has been observed that the 
ratio of B and A monomers is regulated by the state of 
hypoxia in tissues [121].

The LDHA4 isoenzyme (or LDH-5) converts 
pyruvate to lactate with unrivalled efficiency, particu-
larly under anaerobic conditions [119]. However, as the 
amount of LDHB subunits compared to LDHA subu-
nits increases, LDH’s function steadily declines. As a 
result, the LDH-1 isoenzyme (LDHB4), which is made 
up entirely of four B subunits, efficiently promotes the 
backward conversion of lactate to pyruvate [38, 119].

Besides LDHA and LDHB genes, LDHC gene is 
expressed in testis germ cells and the LDHD gene is 
expressed in variety of tissues [122]. The LDHA and 
LDHB isoforms are present in mitochondria, plasma 
membrane and cytosol [122].
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LDHC4 in Spermatogenic Cells

Unlike somatic LDHA and LDHB, the C subunit 
of LDH designated as LDHC and a product of the LDHC 
(Ldh-3 in murine) gene is mostly found in spermato-
genic cells of the testis. LDHC is synthesised in the testis 
throughout sexual maturation, and it makes up the major-
ity of mature spermatozoa [118, 123, 124]. While LDHA 
and LDHB are found in most somatic tissues, LDHC was 
detected in the testes’ germinal epithelium. The human 
gene loci for LDHA and LDHC have been assigned to 
chromosome 11, whereas LDHB has been attributed 
to chromosome 12. This demonstrates that LDHC and 
LDHA are syntenic on human chromosome 11. Phyloge-
netic investigations and sequence analysis revealed that 
the LDHA, LDHB, and LDH6B genes are found in all 
mammalian genomes, so far studied; however, the LDHC 
gene appears to have emerged more recently in marsupial 
mammals [118, 123].

The five isoforms of LDH in somatic cells and 
LDHC in the male and female reproductive tract differ in 
their enzyme kinetics, isoelectric point, and electropho-
retic mobility, despite following the same general process. 
With the exception of helices αD, αE, and α2G in the 
area of the active centre and carboxy terminal helix H, 
secondary structural elements in dogfish apoLDHA and 
other species are essentially in the same position relative 

to the molecular twofold axis. As a result, the overall fold-
ing of the apo-LDHC polypeptide chain resembles that of 
somatic LDH, with the same α-helices and β-pleated sheets 
in LDHC as in other LDH isozymes [118, 123] (Fig. 7).

Mitochondrial LDH

Despite the fact that LDH is primarily a cytoplas-
mic enzyme, many studies have shown its presence in 
mitochondria (mLDH of yeast, plants, and mammals) [48, 
118, 127, 128]. The transport of l-lactate to the mitochon-
dria is carried out by the l-lactate/H symporter, as well 
as by the l-lactate/pyruvate and l-lactate/oxaloacetate 
antiporters. As a result, mL-LDH assists in the conver-
sion of l-lactate to pyruvate in the mitochondrial matrix. 
Many cancer cells reprogramme mitochondrial activities 
to satisfy their increased energy demands. Glycolysis is 
enhanced in cancer cells, and mL-LDH may have a role 
in accelerating oxidative phosphorylation.

Outside the nucleus, LDHA is involved in gly-
colysis, but it also functions in the nucleus as a single-
stranded DNA binding protein (SSB), where it is likely 
involved in DNA duplication and transcription. The 
cellular level of LDH is influenced by the metabolic 
needs of each tissue, such as development, biological 
circumstances, and pathological traits [129]. While the 

Fig. 7   Three-dimensional structure of LDHA and LDHC subunits of LDH: A LDHA from tropical damselfish, mouse testis, adapted from 
Johns and Somero [125] (PDB code: 1LDM). B LDHC from mouse testis, adapted from Hogrefe et al. [126] (PDB code: 2LDX), showing second-
ary structure elements. The ThrfiAla (temperatefitropical) mutation in LDHA is indicated at position 219.
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LDHA and LDHB genes arose from a single LDHA gene 
duplication, the LDHC gene is an LDHA gene duplica-
tion. The sequences of the human A and C subunits are 
84–89% identical, with 69–75% amino acid identity. In 
mitochondria, plasma membrane, and cytosol, the LDHA 
and LDHB isoforms are found [122].

Clinical Relevance of Serum LDH 
Measurements

LDH: a Non‑specific Indicator of Cellular Death

Human cells, particularly myocardial and hepatic 
cells, contain LDH. According to various publications, 
serum LDH levels are a non-specific marker of cellular 
death in a variety of illnesses. However, research on alter-
ations in LDH in COVID-19 patients has not been thor-
oughly performed. Because serum LDH rises as a result 
of tissue breakdown, high serum LDH is seen in a variety 
of clinical disorders, including hematological disorders, 
cancers, tissue infarction, liver disease, congestive heart 
failure, and several respiratory illnesses. LDH is a multi-
organ damage marker that affects more than only liver and 
heart function [130]. Serum LDH is a prognostic marker 
in patients with non-Hodgkin’s lymphoma, myeloma, and 
acute and chronic problems [48, 131, 132]. Drug poison-
ing can also cause elevated serum LDH levels. A high 
glycolytic activity has been linked to the development of 
cancer [133, 134]. LDH is released in the bloodstream by 
damaged tumors, where it plays a role in cancer pathogen-
esis. When a cell’s cytoplasmic membrane is damaged, 
LDH is released in many diseases.

LDH as a Predictive Marker for Immune Surveillance

Serum LDH is a metabolic as well as a prognostic 
biomarker for immune surveillance. Its rise in serum is 
associated with poor outcomes in immunocompromised 
patients [3] and appears to be linked to serum lactate. 
As already described [135], LDH promotes lactate syn-
thesis, which enhances immune-suppressive cells like 
macrophages and DCs, while inhibiting cytolytic cells 
like NK cells and cytotoxic T lymphocytes (CTLs). When 
T cells are activated and proliferate, LDH is frequently 
induced [136]. An increase in LDH level was sugges-
tive of a poor outcome in the investigation of a CTL 
that showed improved T cell activity and proliferation, 

indicative of inhibitory impact of LDH on CTLs. Fur-
thermore, in the absence of LDH, CD4+ T cells released 
low level of IFN-γ, suggesting that LDH plays an impor-
tant role in boosting T cell responses [136] (Fig. 4). Sig-
nificant relationships have also been discovered between 
LDH and cytokines/chemokines. Low LDH activity pro-
vides anti-inflammatory effects due to downregulation of 
various inflammatory mediators, including cytokines and 
NO [137], as well as lactate fluctuation, which modulates 
macrophage inflammatory response [137]. Lower num-
bers of T cells, notably CD3+, CD4+, and CD8+ T cells, 
but not B or NK cells, were connected to the development 
of lymphocytopenia in severe patients, and an increase 
in LDH was substantially correlated with illness severity 
[138, 139]. LDH elevation, on the other hand, could be 
considered a predictive characteristic in severe COVID-
19 individuals [139, 140].

LDH in Respiratory Disorders and SARS‑CoV‑2

Higher serum LDH levels have been linked to 
obstructive lung disease, such as bronchial asthma and 
chronic obstructive pulmonary disease (COPD), among 
other respiratory disorders [141]. Infections like pulmo-
nary tuberculosis and the corona virus-related SARS 
and others have all been linked to elevated serum LDH 
[142]. Lung diseases such as “Idiopathic fibrosing alve-
olitis (Idiopathic pulmonary fibrosis, IPF), hypersensitiv-
ity pneumonitis, desquamative interstitial pneumonitis, 
and cryptogenic organising pneumonia (COP), previ-
ously known as bronchiolitis obliterans with organizing 
pneumonia (BOOP), are all associated with elevated 
levels of LDH” [143]. As a pathological mechanism, 
these diseases are linked to inflammation. A signifi-
cant proportion of individuals with chronic cough, as 
asthma and persistent cough, which are owing to airway 
inflammation [144, 145], have higher serum LDH levels. 
When a cell’s cytoplasmic membrane is damaged, LDH 
is released.

Among the risk variables, LDH exhibits the strong-
est direct relationship with both the P/F ratio and the CT 
score in the lungs, indicating a clear link between lung 
damage and disease severity. Researchers discovered that 
Epstein-Barr virus (EBV)-infected B cells had more LDH 
transcripts than uninfected B cells in EBV-infected B cells 
[135, 146]. In a Zika-infected animal study, an increase 
in serum LDH was associated with 70% mortality [130].



Lactate and lactate dehydrogenase in inflammatory diseases

LDH and Other Prognostic Markers of SARS‑CoV‑2 
Infection

Several systemic reviews and meta-analyses have 
reported the prognostic value of laboratory data for sever-
ity of COVID-19. LDH and CRP have been related to 
respiratory function (PaO2/FiO2) and a predictor of res-
piratory failure in CoVID-19 patients by Poggiali et al. 
[147], where (PaO2/FiO2) is the ratio of arterial partial 
pressure of oxygen (PaO2) to fraction of inspired oxygen 
(FiO2). Lymphocytopenia in severe patients is produced 
primarily by a decrease in T lymphocyte subsets, notably 
CD3+, CD4+, and CD8+ T lymphocytes, in COVID-19 
patients’ blood, which is found to be connected with ill-
ness severity. Lymphocytopenia, on the other hand, is not 
a strong predictor of ICU admission, ARDS, or mortality, 
despite having a high leukocyte count and a high level of 
LDH. According to studies, LDH is the only best meas-
ure that may predict ICU admission or fatality situations. 
LDH increase up to sixfold in COVID-19 patients with 
severe disease related up to 16-fold increase in fatality 
[148–152]. Serum LDH levels in diabetic COVID-19 
patients aged 70 or older also predicted fatality.

Other Prognostic Markers of SARS‑CoV‑2 Infec‑
tion  Both, severe and fatal COVID-19 patients show 
high levels of IL-6 and IL-10, as well as serum ferritin 
[148]. Increased leukocyte count, increased transami-
nases, elevated LDH, and increased procalcitonin all pre-
dicted ICU admission in the meta-regression [148–150]. 
Low lymphocyte counts, as well as blood levels of CRP, 
D-dimers, ferritin, cardiac troponin, as well as LDH, can 
be utilised to predict severity and death in COVID-19 
patients admitted to the ICU [148, 151]. In some studies, 
patients with severe CoV-2 infection showed increased 
symptoms of liver impairment [152], which could be 
linked to cytokine storm, as well as pneumonia-related 
hypoxia in critically ill COVID-19 patients [149, 153]. 
In non-survivors, aberrant coagulation parameters have 
been linked to a poor prognosis (Table 1). In comparison 
to survivors, non-survivors have considerably greater 
amounts of plasma D-dimers and fibrin breakdown prod-
ucts, as well as longer prothrombin times and activated 
partial thromboplastin times [154]. The best independ-
ent predictor of mortality was D-dimer elevation > 1 
µg/L [155, 156]. In severely ill patients, elevated cardiac 
troponin I levels, which indicate heart injury, were also 
predictive of mortality [155, 157].

LDH in Cancer

Cancer being inflammatory metabolic disease, 
many cancers rely on LDH for their progression and sur-
vival. LDHA is engaged in the metabolism of key nutri-
ents like glucose and glutamine, as well as determining 
tumor pH and TCA cycle activity, as it is implicated at 
a vital stage in metabolism [169, 170]. Cancer is now 
thought to be a metabolic illness in which rapidly multi-
plying cancer cells reprogram metabolic pathways across 
tumor microenvironments (TME). The TME, which is a 
complex dynamic biological environment, is made up of 
tumor cells, stromal cells, blood vessels, ECM, growth 
factors, and cellular metabolites [171]. The TME is 
reprogrammed by cross-talk between ECM components 
and cancer cells, allowing cancer cells to meet their high 
metabolic demands while also impacting tumor growth. 
Cancer cells can benefit from molecular reprogramming 
because it helps them meet their greater metabolic needs 
for bioenergetics and cellular production. LDH is critical 
in controlling food exchange between tumor and stromal 
cells in such a TME [172–174] (Fig. 2).

The LDHA isoenzyme has been found to be 
increased in different types of tumors [129, 149, 155]. 
Isoenzymes B and C are only expressed in particular 
cancers [168, 175–178]. The c-myc and HIF1- α, both 
of which are typically overexpressed in many malignan-
cies, boost LDHA expression. AKT, MYC, and HIF-1 
are all carcinogenic molecules that can contribute to the 
metabolic shift that happens during carcinogenesis. Haas 
et al. [63] explored the mechanisms that cause metabolic 
shift as well as different explanations for its occurrence 
[63, 70].

ENZYMES AS A SPECIAL CLASS 
OF THERAPEUTIC TARGETS

Multistep chemical reactions are catalysed by 
enzymes, which attain extraordinary rates of acceleration. 
Drugs that operate on enzymes can either inhibit or acti-
vate them, with inhibition being the more typical mode 
of action. By inhibiting the enzyme–substrate interaction 
competitively, non-competitively, or uncompetitively, 
drugs that inhibit enzymes impede the production of the 
product. Enzyme catalysis is crucial for designing effec-
tive inhibitors, making them a unique therapeutic target. 
Enzymes as mitogen-activated protein kinase, renin and 
dipeptidyl peptidase IV are important drug targets. Drugs 
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Table 1   LDH and Other Liver Markers, Cytokines and Coagulation Parameters in Blood of COVID-19 Patients. Modified from [157]

↑ indicates increase

Marker COVID-19 patients References

Liver markers
  Lactate dehydrogenase (LDH) ↑ ICU cases [158]

↑ ARDS cases [159]
↑ 28% of cases [160]
↑ most/all cases [161–163]
↑ severe cases [164]
↑ Familial cluster, 6 cases [165]
↑ group with SpO2 < 90% [166]

  C-reactive protein (CRP) ↑ > 60 yrs [165]
↑severe cases [150, 164, 167]
↑ most cases [161–163]
↑ in cases with SpO2 < 90% [166]
↑ 44% of cases [160]

  Procalcitonin (PCT) ↑ severe cases [168]
↑ all cases [164]

  Ferritin ↑ non-survivors [153]
Cytokines
  Tumor necrosis factor α (TNF- α) ↑ ICU cases [158]
  Interferon-γ induced protein 10 (IP-10) ↑ ICU cases [158]
  Monocyte chemoattractant protein 1 (MCP-1) ↑ ICU cases [158]
  Chemokine (C–C Motif) Ligand 3 (CCL-3) ↑ ICU cases [158]
  Interleukin-1 (IL-1) normal in all cases [161]
  Interleukin-2 (IL-2) ↑ ICU cases [158]
  Interleukin-2 receptor (IL-2R) ↑ critical > severe > mild [161]
  Interleukin-6 (IL-6) ↑ critical > severe > mild [161]

↑ group with SpO2 < 90% [166]
↑ in non-survivors [153]
↑ in severe cases [150, 164]

  Interleukin-7 (IL-7) ↑ ICU cases [158]
  Interleukin-8 (IL-8) normal (all cases) [161]
  Interleukin-10 (IL-10) normal (all cases) [161]

↑ group with SpO2 < 90% [166]
↑ ICU cases [158]

Coagulation parameters
  D-dimers ↑ non-survivors [153]

↑ ARDS cases [159]
↑ severe cases [125, 150, 165]

  Antithrombin (AT) ↓ in cases vs. controls [153]
  Prothrombin time (PT) ↓ in cases vs. controls [153]

↑ in ICU cases [158]
  Thrombin clotting time (TCT) ↑ in severe cases [150]
  Fibrinogen ↑ in severe cases [150]
  Activated partial thromboplastin time (aPTT) ↑ non-survivors [153]
  Fibrin degradation products (FDP) ↑ non-survivors [153]
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that target these enzymes (enzyme inhibitors or activa-
tors) target functional groups of enzymes [179–183]. 
The most researched pharmacological targets are trans-
membrane receptors connected to enzymes, commonly 
employed in oncology and immunology [180]. Lipogenic 
enzyme inhibitors have also been investigated as a pos-
sible cancer treatment [181].

Proteolytic Enzymes and Their Inhibitors

Several proteolytic enzymes help to control and 
coordinate virus entry in the virus machinery in host 
cells, which could be useful in COVID-19. Serratiopepti-
dase (SEPD), also known as Serratia E-15 protease and 
serrapeptase, has recently gained popularity. SEPD, a ser-
ine protease super, is produced in the silkworm’s intes-
tine. Because of its wide spectrum of therapeutic actions, 
including anti-inflammatory, antibacterial, atheroprotec-
tive, antithrombotic, and fibrinolytic qualities, SEPD has 
an edge over other COVID-19 treatments. SEPD has long 
been utilised to treat joint pain and inflammation, as well 
as sports-related sprains. Inhibition of elastase by SEPD 
may be helpful in controlling the cytokine storm that 
causes acute lung damage in COVID-19. SEPD-mediated 
elastase inhibition in the airways may also reduce airway 
inflammation [182].

TMPRSS2  CoV-2 cell entrance is dependent on the 
viral spike (S) protein binding to the host cell proteases 
TMPRRS2 and ACE2. CoV-2 viral study has revealed 
that the virus interacts with the transmembrane protease 
TMPRSS2, allowing it to enter the cell more easily. As 
a result, blocking this interaction could be a feasible 
treatment option for COVID-19 infection. The quest for 
inhibitors makes this a suitable target for respiratory viral 
infection treatment.

Camostat mesylate, a clinically established serine pro-
tease inhibitor, is being tested in a number of trials against 
SARS-CoV-2. Camostat mesylate partially prevents S 
protein-driven entry into TMPRSS2-expressing human 
lung cells, but has no effect on TMPRSS2-knockout cells 
[183]. Other TMPRSS2 inhibitors being studied include 
nafamostat, which can prevent SARS-CoV-2 membrane 
fusion, and bromhexine, a mucolytic cough suppressant, 
combined with hydroxychloroquine, a competitive inhibi-
tor of viral-ACE2 binding.

SARS-CoV-2 entry and activation can be mediated by 
both endosomal (such as cathepsin L) and non-endosomal 
pathways, depending on the accessibility of the cellular 

proteases required for SARS-S activation. The viral S pro-
tein is broken by the furin enzyme in infected host cells 
in the non-endosomal pathway as per evidence. Host pro-
tease inhibition has been employed as a treatment method 
for viral infection, according to [184].

A different approach is to breakdown the host cell 
machinery that allows the virus to infect the host cell 
and prevent its reproduction. Host cell proteases, which 
have been implicated in viral pathogenesis in a number of 
coronaviruses, are examples of such machinery.

Importance of LDH in Covid‑19

LDH is a cytosolic enzyme that aids in the synthesis 
of energy in the human body. However, the major goal 
of analysing LDH in blood is to see if there is any tissue 
damage in the body. Injury and inflammation in the heart, 
lungs, liver, muscle, or kidneys are few of the tissue dam-
age disorders that can develop. In such instances, LDH 
test is recommended in patients. In patients who have 
been infected with SARS-COV-2, it can aid in the predic-
tion of acute respiratory distress syndrome.

LDH INHIBITORS AS ANTI‑INFLAMMATORY 
AGENTS: REGULATION OF GLYCOLYSIS 
AND METABOLIC ACIDOSIS

LDH is a promising biomarker, especially as ele-
vated LDH levels have previously been linked to poor 
outcomes in patients with various viral illnesses includ-
ing COVID-19, hence a potential therapeutic target for a 
variety of tumors [185] as well as a target for infectious 
diseases. Importantly, lymphocytes and LDH levels in 
COVID-19 patients’ blood have been linked to disease 
severity. The greater the leukocyte count and the LDH, 
the greater the chance of death. In COVID-19 patients 
with severe illness, LDH levels increased up to sixfold, 
with a 16-fold increase in mortality [148]. In relation 
to COVID-19, we emphasise the importance of small 
molecule inhibitors or their combination in targeting 
LDH activity and developing safe therapy as studied in 
cancer [186]. A vast number of these compounds have 
been discovered. The findings clarified ambiguities in 
two well-known LDHA inhibitors’ modes. MIA PaCa-2 
and HT29, two glycolytic cancer models, were proven in 
vivo by Oshima et al. Within 30 min of LDH inhibition, 
HP-MRSI demonstrated a metabolic rewiring in vivo, in 
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which pyruvate in a tumor is diverted toward mitochon-
drial metabolism [187].

Oxamate

Oxamate, a pyruvate analogue and a competitive 
LDH inhibitor, affects cell glycolysis by directly inhib-
iting LDH’s conversion of pyruvate to lactate. Because 
glycolysis and mitochondrial oxidative phosphorylation 
are linked processes [185], and LDHA regulates glyco-
lysis and growth in breast cancer cells, it was assumed 
that increased LDHA expression and activity in Taxol-
resistant cells would result in increased glycolysis and 
decreased mitochondrial oxidative phosphorylation. This 
supports the hypothesis that oxamate increases Taxol sen-
sitivity by reducing cellular glycolysis [188].

In lymphoma cells, Hoffmann et al. found that 
inhibiting LDHA with oxamate inhibited tumor develop-
ment via increased apoptosis and the formation of reac-
tive oxygen species (ROS) [183]. Oxamate decreased 
ATP levels while increasing cancer radiation sensitivity 
[189–191]. By blocking the CDK1/cyclin B1 pathway, 
oxamate suppression of LDH produced G2/M cell cycle 
arrest and encouraged death by increasing mitochon-
drial ROS generation. For the therapy of nasopharyn-
geal cancer cells, LDHA is an appropriate therapeutic 
target [189]. Miskimins et al. discovered that oxamate 
and phenformin have a synergistic anti-cancer effect by 
inhibiting complex I in mitochondria and LDH in the 
cytosol at the same time [192].

Gossypol

“((2,2′-Binaphthalene)-8,8′-dicarboxaldehyde, 
1,1 ′,6,6 ′,7,7 ′-hexahydroxy-5,5 ′-diisopropyl-3,3 ′-
dimethyl)” is a lipid-soluble polyphenol isolated from 
cotton plant (genus Gossypium) and the tropical tree 
Thespesia populnea (L.). Gossypol is present in cotton 
seed oil. With respect to both NADH and pyruvate, gos-
sypol acts as a competitive inhibitor of all LDH isozymes 
[127, 193]. Gossypol can reduce temozolomide-resistant 
glioblastoma by inhibiting numerous dehydrogenases in 
metabolic pathways [194].

Gossypol has a comparable affinity for the Bcl2 
(B-cell lymphoma 2) family of proteins, and it can trig-
ger apoptosis in tumor cells that display high levels of 
Bcl-XL and/or Bcl-2, whereas normal cells are unaf-
fected [195]. The racemic mixture of two enantiomers is 
formed by (+)-gossypol and (-)-gossypol. (-)-Gossypol, 

also known as AT-101, has a higher affinity for Bcl-XL, 
Bcl-2, and Mcl-1 than (+)-gossypol, making it a more 
potent apoptosis inducer [195, 196].

“3-Dihydroxy-6-methyl-7-(phenylmethyl)-4  
propylnaphthalene-1-carboxylic acid” (FX11, a chemi-
cal derived from gossypol) is a recognised malarial LDH 
inhibitor and a competitive inhibitor of LDHA in terms 
of NADH binding, causing ATP depletion and severe 
oxidative stress [184, 197]. Lactate levels were lowered, 
which inhibited the inflammatory response generated by 
macrophage LPS. Due to decreased tissue lactate, the 
production of cytokines, inducible nitric oxide synthase 
(iNOS), and cyclooxygenase 2 (COX 2) was downregu-
lated in murine macrophages treated with FX11. Clinical 
trials for gossypol/AT-101 are now underway; however, 
clinical trials for FX11 have yet to commence.

Galloflavin

Galloflavin (GF), a synthetic chemical, inhibits 
LDHA by binding preferentially to free enzymes without 
competing with substrates or cofactors [198] and without 
altering mitochondrial respiration. By limiting aerobic 
glycolysis and ATP synthesis, GF reduced cancer cell 
proliferation [198, 199]. In vitro, GF disrupted LDHA/
ssDNA connections and inhibited RNA synthesis, point-
ing to a complex mechanism underpinning its toxicity to 
cancer cells [199]. GF has the potential to be a two-edged 
therapy for Covid-19, reducing glycolysis and iRNA syn-
thesis as well as CoV-2 replication.

Other Small Molecules as LDH Inhibitors

Hydroxychloroquine (HCQ) is a medication that is 
commonly used to treat autoimmune illnesses such arthri-
tis and SLE, has been attempted to treat COVID-19. LDH 
activity is suppressed by HCQ. Having its low toxicity 
relative to its closely related molecule chloroquine, it is 
also prescribed for the treatment of malaria. P. falciparum 
LDH (PfLDH) and human LDH have highly comparable 
biological functions. Any medication aimed at inhibiting 
PfLDH has the potential to influence human LDH activ-
ity [200, 201].

Kim et al. discovered that selenobenzene com-
pounds have LDHA inhibitory characteristics [202] 
and the most effective inhibitor was 1-(phenylseleno)-
4-(trifluoromethyl) benzene (PSTMB). It slowed the 
growth of a number of cancer cell lines and efficiently 
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suppressed LDHA activity and lactate [202]. EWS-FLI1 
inhibits LDHA expression and results in genetic deple-
tion of LDHA and decreased EWS cell growth, and 
death [203]. Phthalimide and dibenzofuran compounds 
are new LDH inhibitors, which selectively inhibit LDHA 
isoenzyme [186, 204]. Quinoline-3-sulfonamides com-
pete with NADH and have a higher selectivity for LDHA 
than LDHB [205].

Suppression of LDH by Small Interfering RNAs

Small interfering RNAs (siRNAs) are double-
stranded non-coding RNA molecules having 20–25 
nucleotides and can target sequence complementarity to 
suppress gene expression. Inhibition of gene expression 
by siRNA is predicted to be an important technique in 
medication development in the future [206]. The use of 
siRNAs to target LDHA has been examined as a means 
to prevent cancer formation [207–210]. The expres-
sion of IL 6 and nitrites were reduced when LDHA 
was genetically suppressed by siRNAs. The phospho-
rylation of p38 mitogen-activated protein kinase was 
decreased by genetic suppression of LDHA. The find-
ings suggested that LDH is a key target in the control 
of the inflammatory response by siRNAs. Inhibition of 
LDHA by siRNA causes oxidative stress and cell death, 
suggesting that it could be a useful therapy for LDHA-
dependent malignancies [64]. Small chemical inhibi-
tors or non-coding RNA approaches to inhibit LDHA 
and LDHB expression are of major attention, as they 
may interfere with cancer and COVID-19 progression. 
LDHA knockdown in glioblastoma cells reduced cell 
growth, decreased glycolysis, and enhanced apoptosis 
[209]. The loss of LDHA overexpression inhibited colo-
rectal cancer growth and decreased lactate levels [207].

Besides siRNA, short hairpin RNA (shRNA) also 
decreased tumorigenicity and lowered LDHA expres-
sion in neuroblastoma cells without affecting aerobic 
glycolysis. ShRNA-mediated LDHA attenuation has 
been shown to result in a decrease in mitochondrial 
membrane potential and a reduced ability to proliferate 
under hypoxia, in addition to increasing mitochondrial 
respiration.

Compounds with Unknown Mechanisms

In pancreatic tumors, where LDHA is acetylated 
at lysine 5, post-translational modification increases its 

expression. This acetylation lowers the catalytic activ-
ity of LDHA. Endogenous acetylated LDHA replace-
ment reduces cancer cell proliferation and migration, 
implying that LDHA acetylation is important for cell 
growth control [210]. LDHA inhibitors GNE140, a 
piperidine derivative, and gall, a natural extract, have 
been reported to be beneficial in cancer treatment [211]. 
N-hydroxyindoles (NHI) are more selective for LDHA 
than LDHB and can reduce cancer cell proliferation 
[185], while genetic or drug suppression of LDHA can 
reverse osteosarcoma development in children [212]. 
Through docking-based virtual screening, Fang et al. 
discovered LDHA inhibitors. In MG-63 cancer cells, 
compound 11 caused apoptosis, increased oxygen con-
sumption, and lowered lactate production and extracel-
lular acidification rates. Compound 11 appears to be a 
viable candidate for developing powerful LDHA inhib-
itors [213]. In a pilot study, pentoxifylline increased 
lymphocyte counts and a decreased serum LDH. 
Maldonado rebranded pentoxifylline as a COVID-19 
therapy medication. This evidence, however, must be 
validated in a subsequent trial [214].

CONCLUSIONS

With aberrant bioenergetic metabolism, infectious 
and other inflammatory illnesses are always changing. 
Inflammatory illnesses have the ability to reprogram 
metabolic pathways to meet increased nutritional needs 
in order to promote cell proliferation at a high pace. The 
glycolytic pathway is frequently disrupted in several types 
of inflammatory illnesses to satisfy the increased bioen-
ergetic and metabolic demand. Lactate, the product of 
anaerobic metabolism, is continuously produced and used 
by numerous types of cells in fully reprogrammed aerobic 
inflammatory diseases. Lactate is primarily produced in 
the human body from glucose. LDH, the final enzyme 
in the glycolytic pathway and a generator of lactate, is 
a promising biomarker, especially since elevated LDH 
intensity has been related to poorer outcomes in cancer 
patients and viral infections like SARS-CoV-2.
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