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About one-fourth of the global population is either overweight or obese, both of which increase the risk of insulin resistance, cardiovas-
cular diseases, and infections. In obesity, both immune cells and adipocytes produce an excess of pro-inflammatory cytokines that may
play a significant role in disease progression. In the recent coronavirus disease 2019 (COVID-19) pandemic, important pathological
characteristics such as involvement of the renin-angiotensin-aldosterone system, endothelial injury, and pro-inflammatory cytokine re-
lease have been shown to be connected with obesity and associated sequelae such as insulin resistance/type 2 diabetes and hyperten-
sion. This pathological connection may explain the severity of COVID-19 in patients with metabolic disorders. Many studies have also
reported an association between type 2 diabetes and persistent viral infections. Similarly, diabetes favors the growth of various microor-
ganisms including protozoal pathogens as well as opportunistic bacteria and fungi. Furthermore, diabetes is a risk factor for a number
of prion-like diseases. There is also an interesting relationship between helminths and type 2 diabetes; helminthiasis may reduce the
pro-inflammatory state, but is also associated with type 2 diabetes or even neoplastic processes. Several studies have also document-
ed altered circulating levels of neutrophils, lymphocytes, and monocytes in obesity, which likely modifies vaccine effectiveness. Timely
monitoring of inflammatory markers (e.g., C-reactive protein) and energy homeostasis markers (e.g., leptin) could be helpful in prevent-

ing many obesity-related diseases.
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Several investigators have reported that obesity or obesity-re-
lated complications appeared to be associated with increased risk
of hospitalization of coronavirus disease 2019 (COVID-19) pa-
tients and death [1-3]. In general, overweight or obese persons
are at higher risk for infections and respond poorly to therapies
[4,5]. Being obese or overweight corresponds to a state of energy
imbalance and is caused by inappropriate intake of energy-dense
foods and physical inactivity. According to the World Health
Organization (WHO), more than 1.9 billion adults were over-
weight (body mass index [BMI], 25.0 to < 30) in 2016; of these
over 650 million were obese (BMI, 30 or higher). In addition,
over 340 million children and adolescents aged 5-19 were over-
weight or obese in 2016. Elevated BMI is an important risk
factor for various non-communicable diseases such as type 2 dia-
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betes and insulin resistance, hypertension, coronary artery disease,
stroke, osteoarthritis, and certain cancers such as postmeno-
pausal breast cancer, endometrial cancet, and renal cell carcinoma.
With increasing BMI, the risk for these diseases also increases.
Obesity and its intimately associated disorder— type 2 diabetes
or insulin resistance — are associated with gradual alterations in cel-
lular physiology. Many investigators believe that the poor out-
comes observed in individuals with obesity and type 2 diabetes/
insulin resistance are due to immune system dysfunction that is
triggered by chronic low-grade inflammation present in both
health problems [6]. Interestingly, these patients also are at in-
creased risk of infections and mortality from sepsis. Recent data
suggest that infections may precipitate insulin resistance via mul-
tiple mechanisms such as the pro-inflammatory cytokine response,
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the acute-phase response, and alteration of nutrient status [7].
In general, excessive adipose tissue in the body is known to hin-
der immune function, altering leucocyte counts as well as cell-
mediated immune responses [8]. These immune cells are an inti-
mate part of adipose tissue and an important source of pro-
inflammatory cytokines/products, which ultimately contribute
to the development of local adipose tissue inflammation and sev-
eral metabolic complications [9].

In fact, adipose tissue acts as an endocrine organ; it secretes a
number of hormone-like cytokines or adipokines, e.g., leptin, tu-
mor necrosis factor o (TNF-a), monocyte chemoattractant pro-
tein-1 (MCP-1/CCL2), plasminogen activator inhibitor-1, resistin,
adipsin, and adiponectin among others. The majority of these
adipokines participate in pro-inflammatory processes in obesity
and perpetuate the state of insulin resistance [10]. Among these
adipokines, several studies have suggested that leptin has an im-
portant role in major obesity-related health problems such as type
2 diabetes, hypertension, and different cancers [11]. Under normal
conditions, leptin primarily maintains energy homeostasis through
the central/hypothalamic anorexigenic pathway. However, in
obesity, leptin possibly acts differently and supports a pro-in-
flammatory milieu. The long isoform of the leptin receptor (Ob-
Rb) may play a key role in both physiologic and pathologic con-
ditions. Interestingly, both long and short forms of the leptin
receptor are expressed by different immune cells, e.g., B-cells, T-
cells, neutrophils, eosinophils, monocytes, and macrophages [12-
14]. Therefore, leptin can modulate both innate and adaptive
immune response. An appropriate understanding of the com-
plicated network of infectious pathologies and immune responses
in obesity would help to formulate novel preventive strategies.

CORONAVIRUS DISEASE, OTHER
VIRAL INFECTIONS, AND
OBESITY-RELATED PROBLEMS

During the last two decades, there have been three coronavirus
disease outbreaks. The first was the 2002—-2004 outbreak of severe
acute respiratory syndrome coronavirus (SARS-CoV or SARS-
CoV-1) that emerged in China. A similar disease, caused by Mid-
dle East respiratory syndrome coronavirus (MERS-CoV), was ini-
tially detected in Saudi Arabia in 2012. The latest coronavirus
pandemic (COVID-19) caused by SARS-CoV-2 began in Decem-
ber 2019 in China. The rapid spread of this infectious disease
has been documented in different parts of the world, and about
6.7 million deaths have been recorded so far. SARS-CoV-2 is an
enveloped positive-sense single-stranded linear RNA virus; the
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envelope is coated with envelope (E) and membrane (M) proteins
as well as a spike (S) glycoprotein that is responsible for binding
to the host target cell receptor angiotensin-converting enzyme 2
(ACE-2). In addition, other cellular components such as extra-
cellular matrix metalloproteinase inducer/CD147, transmem-
brane serine protease 2, and ADAM metallopeptidase domain
17 are implicated in viral endocytosis [15].

ACE catalyzes the conversion of angiotensin I to angiotensin
IT, which is an important step in the regulation of blood pressure
via the renin-angiotensin-aldosterone system (RAAS). Moreover,
ACE acts on several biomolecules including bradykinin, encepha-
lin, substance P, and amyloid B-peptide (A), as well as in vari-
ous physiological processes such as renal development, male fer-
tility, hematopoiesis, and immune responses [16,17]. Conversely,
ACE-2 is an important homolog of ACE and responsible for the
conversion of angiotensin II to angiotensin 1-7, thereby coun-
terbalancing ACE activity [18]. Both ACE and ACE-2 are cell
membrane-anchored proteins, expressed in several organs, and
functionally antagonistic to each other.

As mentioned earlier, to enter host cells, SARS-CoV-2 utilizes
ACE-2 expressed in various organs, e.g., lung cells (pneumo-
cytes and bronchial epithelium), gastrointestinal epithelium,
and endothelial cells. Besides the lung parenchymal injury, there
may be generalized endotheliitis (accumulation of lymphocytes,
plasma cells and macrophages below the endothelium and in the
perivascular spaces) [19]. In COVID-19, endothelial dysfunc-
tion is associated with the recruitment of immune cells and can
result in many complications such as vasoconstriction, ischemia,
inflammation, a pro-coagulant state, edema, and finally organ
damage [20]. Moreover, abnormally increased levels of immune
reaction and cytokines in different organs may cause a cytokine
storm that can lead to additional organ dysfunction.

Obesity and insulin resistance are strongly connected to the
activity of RAAS. Interestingly, expression of ACE-2, the func-
tional receptor for viral entry, has been found to be higher in adi-
pose tissue (and therefore higher in obesity) [21,22]. Further-
more, obesity and its complications such as hypertension, insulin
resistance, and type 2 diabetes are associated with a higher risk
of COVID-19 disease severity and mortality [22-24]. The im-
pact of obesity and/or diabetes on SARS-CoV-1 infection has
not been properly evaluated, although a few studies have investi-
gated MERS-CoV-linked pathologies. One study of 32 MERS-
CoV infected patients observed that mortality was significantly
correlated with both obesity and diabetes [25]. A meta-analysis
of 637 MERS-CoV cases revealed that diabetes and hyperten-
sion were present in roughly 50% of the patients [26]. Addition-
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ally, in the 2009 HINT1 influenza pandemic, obesity was also
identified as an important risk factor for a poor prognosis [27,28].
In general, a number of reports have documented an association
between type 2 diabetes and chronic viral infections (Table 1)
[29-48].

In addition to the disrupted immune response in obesity, other
plausible mechanisms responsible for the poor prognosis of SARS-
CoV-2 infection include obesity-associated pre-existing endothe-

lial dysfunction, a reduction in respiratory compliance, dysregulat-
ed lipid metabolism, and an overabundance of pro-inflammatory
cytokines [20,22,49]. It is worth mentioning that obese indi-
viduals have defective/decteased responses to vaccination [49)].
As a result, the combined effects of obesity and viral infection
may worsen the existing status of cytokines, which normally co-
ordinate the immune system and physiological homeostasis.

Table 1. Association between type 2 diabetes and common chronic viral infections

Study Patients’ details

Finding

Ndako et al. (2021); Nigeria [29] 180 Diabetic patients and 100
non-diabetics controls

lovanescu et al. (2015); 246 Patients with chronic liver disease

Romania [30]

cirrhosis)

Cheng et al. (2006); 2,838 Type 2 diabetes patients

Hong Kong [31]

Virseda Chamorro et al. (2006);
Spain [32]
Arao et al. (2003); Japan [33]

305 Patients who came for HCV
assessment

HCV-infected and 159 HBV-infected)

Dworzanski et al. (2019); 173 Diabetic patients and 50 persons

Poland [34] without diabetes
Karjala et al. (2011); Data from the National Health and
USA [35] Examination and Nutritional Examination

Survey (NHANES) 2007-2008
74 Healthy middle-aged men from
the general population

Fernandez-Real et al. (2007);
Spain [36]
Sun et al. (2003); China [37]
836 controls)

Woelfle et al. (2022); Germany [38]
cohort (pre-diabetes, n=1,257)
576 Adults with CMV diseases
549 Participants
113 Hemodialysis patients
(83 type 2 diabetes and 30 controls)
Endarterectomy specimens from

Yoo et al. (2019); Korea [39]
Chen et al. (2012); Netherlands [40]
Roberts and Cech (2005); USA [41]

Chiu et al. (1997); Canada [42]

76 patients with carotid artery stenosis
and 20 normal carotid artery and aortic

tissue autopsy specimens
Reinholdt et al. (2021);
Denmark [43]
Sobti et al. (2019); UK [44]

registry-based cohort study
210 Patients with HNSCC

Slama et al. (2021); USA [45]
791 without HIV), over a median
12-year follow-up

Kubiak et al. (2021); South Africa [46] 1,369 Persons with HIV

Hema et al. (2021); Burkina Faso [47] 4,259 Patients in a cross-sectional study

Jeremiah et al. (2020); Tanzania [48] 1,947 Adults (336 with HIV on ART, 956

with HIV ART-naive, 655 without HIV)

(136 chronic viral hepatitis, 110 viral liver

866 Patients with chronic viral disease (707

1,244 Inpatients (408 with dyslipidemia and

From the German population-based KORA

Male population (n=2,528,756), nationwide

1,584 Men with pre-diabetes (793 with HIV,

Higher risk of HBV infection among type 2 diabetic patients than
non-diabetics

A significant association between diabetes mellitus and HCV-induced
chronic liver disease

HBV-infected patients had earlier onset of diabetes, higher frequency of
retinopathy, and increased risk of end-stage renal disease than
non-HBV-infected patients

A relationship between HCV infection and type 2 diabetes

HCV infection was closely associated with diabetes, and cirrhosis was
an independent risk factor for diabetes

Prevalence of EBV, HPV, and EBV+HPV co-infection was significantly
higher in diabetic patients than those without diabetes

Obesity was significantly associated with HSV-1 infection

Significant positive relation between HSV-1 titer and fat mass

Prevalence of HSV-2 seropositivity was significantly higher in patients
with dyslipidemia. BMI, diabetes, and hypertension were more
common in patients with dyslipidemia than those without

HSV-2 and CMV were associated with pre-diabetes incidence

Type 2 diabetes cases had a higher incidence of CMV diseases
CMV seropositive subjects were more likely to have type 2 diabetes
A higher seroprevalence of anti-CMV IgG among diabetes patients

CMV was detected in carotid atherosclerotic plaques from 27 cases
(35.5%)

Increased incidence rate of HPV-related anogenital intraepithelial
neoplasia and cancer among men with diabetes than non-diabetic men

Prevalence of developing HPV-16-positive HNSCC was 3.79 times
higher in diabetic patients than in those without diabetes.
Moreover, diabetes was a risk factor for a poorer prognosis

40% higher risk for the development of diabetes among men with HIV

Among adults with HIV, diabetes and pre-diabetes were common

Prevalence of diabetes and hypertension was higher among persons
with HIV on ART than the general population

Prevalence of diabetes was high, particularly among HIV-infected
ART-naive persons

HBV, hepatitis B virus; HCV, hepatitis C virus; EBV, Epstein-Barr virus; HPV, human papillomavirus; HSV, herpes simplex virus; BMI, body mass index; CMV,
cytomegalovirus; HNSCC, head and neck squamous cell carcinoma; HIV, human immunodeficiency virus; ART, antiretroviral therapy.
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COVID-19-ASSOCIATED OPPORTUNISTIC
FUNGAL DISEASES AND DIABETES

Generally, the majority of COVID-19 patients are asymptom-
atic or have minor symptoms. Less than 20% of cases require
medical attention. According to the National Institutes of Health
(NIH, USA), approximately 65% of individuals with serious
illness from SARS-CoV-2 infection also had metabolic disorders
such as obesity, type 2 diabetes, hypertension, and heart issues.
Disease severity is associated with an uncontrolled immune re-
sponse involving macrophages, neutrophils, different comple-
ment components, and a number of cytokines including TNF-o
and interleukin-6 (IL-6). All these factors ultimately lead to a ‘cy-
tokine storm’ and accompanying problems such as acute respira-
tory distress syndrome (ARDS), widespread vascular inflamma-
tion, and disseminated intravascular coagulation.

Therefore, to prevent the aforementioned abnormal immune
reactions, intervention with corticosteroids (like dexamethasone)
has been considered [50]. Of note, apart from immune suppres-
sion, corticosteroid therapy can aggravate insulin resistance/type
2 diabetes, which is a risk factor for COVID-19 disease severity.
Moreover, immune suppression can also allow the growth of
opportunistic bacterial and fungal pathogens. Among hospital-
ized COVID-19 patients, investigators have isolated various
bacterial strains such as coagulase-negative staphylococci, Kleb-
siella pnenwmoniae, and Pseudomonas aeruginosa, as well as a number
of fungal agents including Candida albicans, Aspergillus fumiga-
tus, and Cryprococcus negformans [51-53]. Although Aspergillus and
Candida species are commonly found in severely ill COVID-19
patients, studies have also documented other fungal pathogens.
For example, researchers detected Histoplasma capsulatum com-
plement fixation titers in patients with serious SARS-CoV-2 in-
fection [53,54]. Other factors also thought to play a key role in
fungal co-infection include hypoxemia/lack of tissue oxygen-
ation, mechanical ventilation, and type 2 diabetes and associated
hyperglycemia [55].

Inappropriately managed diabetes increases the risk of infec-
tion of various body organs. Furthermore, diabetes can hinder both
innate and adaptive immune mechanisms [56]. In the second wave
of the COVID-19 pandemic in India (roughly from March to
July 2021), there was a mysterious outbreak of mucormycosis
or black fungus infection among patients with SARS-CoV-2 in-
fection, and diabetic patients were more susceptible to mucor-
mycosis [57]. In the normal immune system, all three comple-
ment activation pathways (classical, lectin, and alternative) play
an important role protecting against fungal pathogens through
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mechanisms such as opsonization, humoral immune response
stimulation, and chemotaxis of immune cells [58,59]. In diabe-
tes, glycation of complement components (functional low levels)
may lead to an impaired immune response [55,60]. Consequently,
the impaired immune response in severe COVID-19 illness allows
fungal infection.

OTHER NON-VIRAL PATHOLOGIES: PRION AND
PRION-LIKE DISEASES

Prions or protease-resistant misfolded proteins are unusual pro-
tein aggregates (also termed amyloids/amyloid fibrils) that have a
high proportion of B-sheets. The first prion identified was the
PrP protein [61]. The gene encoding the normal cellular prion
protein (PrPC, misfolded—PrP*) is located on chromosome 20,
and this glycoprotein is commonly present on the cell surface and
can serve as a receptor for the AP peptide [62]. In addition, PrP
is expressed in different organs, particularly in the nervous and
immune systems, and is thought to have numerous physiological
functions such as cell surface scaffolding. Nevertheless, the
mechanism of misfolding and aggregation into an abnormal pri-
on-like conformation that again influences the misfolding of other
associated protein copies in a self-propagating manner is indeed a
unique biological process, and we can see this phenomenon even
in yeast and fungi.

Apart from typical prion diseases, which include Creutzfeldt-
Jakob disease (CJD), kuru, Gerstmann-Strussler-Scheinker dis-
ease, and fatal familial insomnia [63], there are other prion-like
diseases such as Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease, type 2 diabetes, and amyloidosis. Certain proteins
such as AP, tau, o-synuclein, and serum amyloid-A, which share
some pathological characteristics with prions, have been implicat-
ed in these prion-like diseases [64,65]. For example, in Alzheimer’s
and Parkinson’s diseases, aggregates of AP, tau, and a-synuclein
can transmit the disease-pathology to experimental animals [65].
Of note, the fundamental features of Alzheimer’s disease lesions
are the formation of A in plaques and tau in tangles— both are
[-sheet-rich misfolded variants of normal proteins.

Currently, about 50 different proteins are thought to form
various human disease-related amyloid fibrils [66]. Furthermore,
some of these abnormal proteins can cross species barriers and af-
fect humans such as bovine spongiform encephalopathy or mad-
cow disease, which is linked to variant CJD (vCJD) [67]. Inter-
estingly, aggregation of amylin or islet amyloid polypeptide has
been found in the pancreatic islets of Langerhans in individuals
with type 2 diabetes [66]. In addition, patients with type 2 dia-
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betes have an increased risk of developing Alzheimer’s disease.
Of note, a number of pathophysiological associations have been
documented between Alzheimer’s disease and metabolic disor-
ders such as type 2 diabetes, obesity, and metabolic syndrome
[68]. On the other hand, both Alzheimer’s and prion diseases
are neurodegenerative disorders, and there are several neuropatho-
logical commonalities and genetic connections between these dis-
eases [69)].

In humans, the most common prion disease is CJD with an in-
cidence of about 1 case per 1 million population per year world-
wide [70]. The majority (~85%) of cases of this rare disease occur
sporadically, while ~10%—15% cases are due to familial or ge-
netic mutations. The remaining cases (less than 19%) are linked to
obvious environmental causes such as contaminated tissue trans-
plant or surgical instruments (i.e., iatrogenic CJD) and contam-
inated meat consumption (i.e., vCJD). Another prion disease,
kuru, once endemic in the Eastern Highlands of Papua New
Guinea, disappeared rapidly after the cessation of ritual canni-
balism. Clinically, kuru has a prodromal phase and three stages.
Interestingly, in the second stage, obesity is a common feature,
which could also exist in early disease in association with bulimia

[71]. However, unlike dissemination of microbial infections, pri-
on disease is spread through ingestion or inoculation of contami-
nated materials (aside from sporadic and genetic inheritance).
Therefore, different mechanisms by which conventional infec-
tious diseases are spread, e.g., skin/mucosal contact, droplet/aero-
sol (airborne, coughs or sneezes), body fluids (like urine), fecal-
oral route, vector-borne transmission, and fomites, have no role in
the spread of prion diseases.

A number of investigators recorded an alteration of gut micro-
biota (dysbiosis) in prion disease and other neurodegenerative
disorders such as Alzheimer’s and Parkinson’s disease [72-76].
Gut microbiota dysbiosis has also been reported in obesity and
metabolic disorders including type 2 diabetes [77-80]. None-
theless, there is a close similarity between protein misfolding dis-
orders and pathogenesis of prions (infectious/transmissible pro-
teins). For example, misfolded AP and tau (of Alzheimer’s disease)
spread in a way very similar to misfolded PrP [81-83]. As men-
tioned above, PrP® functions as a cell surface receptor for Ap.
Fascinatingly, PrP® acts in the propagation of prions as well as to
transduce the neurotoxic signals from AP oligomers [82]. Ex-
perimentally, the transmission of kuru and CJD to various in

Table 2. Selected observations that displayed prion-like transmission characteristics of the most common neurodegenerative disease-related

proteins

Study Study design

Finding

Ayers et al. (2017) [87]

Betemps et al.
(2014) [88]

Boluda et al.
(2015) [89]

Injection of B-synuclein fibrils in M83 transgenic mice? through
different peripheral routes, i.e., intramuscular (hind limb
muscle), intravenous (tail veins), and intraperitoneal.

Transgenic M83 mice were inoculated intracerebrally in the
striato-cortical area® with brain homogenates from sick M83
mice.

Intracerebral injection of Alzheimer’s disease brain extracts
enriched in pathological tau in young mutant P301S tau
transgenic mice (PS19)° approximately 6-9 months before
they show the onset of mutant tau transgene-induced tau

Injection of a-synuclein fibrils via these peripheral routes in M83
mice induced a robust a-synuclein pathology in the central
nervous system.

Disease acceleration following intracerebral inoculation suggests
that disease propagation involves a prion-like mechanism.

At 1-month post-injection, inoculated Alzheimer’s disease-tau
in young PS19 mice induced tau pathology predominantly in
neuronal perikarya (neuron cell body). With longer post-injection
survival periods of up to 6 months, tau pathology spread to

pathology.

2-3-Month-old C57BL6 and C57BL6/C3H F1 mice
were intracerebrally inoculated with different tau fiborils;
15-19-month-old C57BL6 mice were injected with
Alzheimer’s disease-tau.

The posterior cingulate cortex® areas of 1.5-year-old male
mouse lemurs (Microcebus murinus) were inoculated with
either Alzheimer’s disease or control brain extracts.

Brain extracts from 18-20 months old tg2576 mice® (having
significant amyloid deposits) were serially diluted (10~ dilution)
and intracerebrally injected into 50-55-day-old tg2576 mice.

different brain regions distant from the inoculated sites.

Intracerebral inoculation of tau fibrils purified from Alzheimer’s
disease brains, but not synthetic tau fibrils, resulted in the
formation of abundant tau inclusions in the brain
of non-transgenic mice.

After 21 months, amyloid beta (AB) and tau pathologies developed
in all Aizheimer-inoculated animals (n=12) while no control brain
extract-inoculated animals (n=6) developed such lesions.

Administration of misfolded AB significantly accelerated amyloid
deposition in young mice.

Guo et al. (2016) [90]

Lam et al. (2021) [91]

Morales et al.
(2015) [92]

“The MB83 transgenic mouse model overexpresses A53T mutated human a-synuclein protein, which is connected with buildup of pathognomonic Ser129-
phosphorylated a-synuclein in the central nervous system. Abnormal accumulation of misfolded a-synuclein is linked to synucleinopathies including Parkin-
son’s disease; "Striato-cortical area: The corpus striatum (subcortical basal ganglia) and the adjacent cerebral cortex in the forebrain region; “PS19 transgenic
mouse expresses the P301S mutant form of human microtubule-associated protein tau. This hyper-phosphorylated and insoluble protein accumulates in the
brain; “Posterior cingulate cortex: Situated at the posterior part of the cingulate gyrus in the medial part of the inferior parietal lobe, above the posterior end of
the corpus callosum; “The Tg2576 mouse model overexpresses a mutant form of amyloid precursor protein (APPgsSWE, found in early-onset familial Al-
zheimer's disease), which has the double mutation- APPK670M/671L. The most common neurodegenerative diseases: Alzheimer's disease and Parkinson’s
disease.
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vivo models has been performed by different laboratories [84-86].
Similarly, the pathologies of AP, tau, and a-synuclein could be
transmitted in a prion-like manner to in vivo models by injecting
the misfolded proteins. In this connection, the results of selected
studies have been mentioned briefly in Table 2 [87-92].

Both in vitro and in vivo studies have identified a number of
compounds that have anti-prion activity. Congo red, polyanionic
glycans, quinacrine, and compB either inhibit the formation of
PrP* or enhance the degradation of PrP*. Interestingly, in ex-
perimental studies, anle138b (a recently developed drug) has
been documented to inhibit the formation of pathological aggre-
gates of a-synuclein (Parkinson’s disease) and tau (Alzheimer’s
disease) proteins in addition to inhibiting aggregation of prion
protein (PrP*) [93,94]. A clear understanding of protein mis-
folding and its association with metabolic disorders at the molec-
ular level may provide insights into their precise pathogenesis
and result in the development of prevention strategies. Further-
more, early diagnosis (preferably in the preclinical stage) and
prompt intervention are critical when there are few pathological
protein aggregates in the brain. Accordingly, identification of
appropriate early diagnostic markers is essential.

PARASITES IN OBESITY-RELATED
PATHOLOGIES

Parasitic infestations can have a diverse range of consequences/
sequelae. Ryan et al. [95] posited that helminth-related anti-in-
flammatory mechanisms may be beneficial. Lifestyle-linked
chronic diseases usually have a strong connection with inflamma-
tion. In this context, hookworm species, particularly Necator
americanus, may have a protective effect in inflammatory bowel
diseases such as Crohn’s disease and ulcerative colitis as well as
in celiac disease. In addition, these authors reported an inverse
association between human helminth infection and insulin resis-
tance/type 2 diabetes. In an experimental study on male
C57BL/6 wild-type mice, infection with Nippostrongylus brasiliensis
(rodent hookworm) significantly decreased various diabetes-asso-
ciated parameters such as fasting blood glucose and weight gain
[96]. Similarly, studies in human subjects have demonstrated
that infection with Strongyloides stercoralis (threadworm) can re-
duce the risk of type 2 diabetes by modulating the expression
of different pro-inflammatory cytokines [97-99]. A study from
Thailand showed that Opisthorchis viverrini (liver fluke) infection
had a protective effect against hyperglycemia and metabolic dis-
ease risk [100]. In contrast, many studies have reported that in-
dividuals with parasitic diseases are more susceptible to diabetes
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or that diabetic persons are at higher risk of infection with vari-
ous parasites, e.g., Ascaris lumbricoides, Echinococcus granulosus, En-
terobins vermicularis, Schistosoma mansoni, S. haematobium, Hymenol-
¢pis nana, hookworm, and Taenia species, as well as protozoan
parasites such as Giardia lamblia, Entamoeha histolytica, and Cryp-
tosporidinm species (Table 3) [101-116]. Some of these helminths
are also considered to be responsible for cancer development. For
example, S. haematobium can induce squamous cell carcinoma of
the urinary bladder, and O. viverrini may cause cholangiocarci-
noma/bile duct cancer [117]. Unprecedentedly, a report revealed
the dissemination of cancer cells from H. #ana to different organs
of a human host [118].

Two major types of primary liver cancer, i.e., hepatocellular
carcinoma (~75% of all liver cancers) and cholangiocarcinoma
(10%-20% of cases), are uniquely linked to a diverse group of risk
factors namely viral hepatitis (hepatitis B virus and hepatitis C
virus), obesity, type 2 diabetes, alcohol consumption, smoking,
and toxic substances including aflatoxins produced by Aspergilius
species. Moreover, risk factors for cholangiocarcinoma are in-
flammatory bowel disease, parasitic infections, and hepatolithiasis.
Along with O. viverrini, infection with Clonorchis sinensis (another
liver fluke) can cause the development of cholangiocarcinoma,
particularly in Southeast Asia [119]. In addition, C. sinensis and
A. lumbricoides may promote hepatolithiasis [119,120]. Interest-
ingly, the co-occurrence of O. viverrini infection and diabetes has
been shown to be associated with hepatobiliary tract damage
and malignant transformation [121,122].

For helminthic infestations that are predominantly connected
with tissue migration, numerous studies have documented the
presence of peripheral eosinophilia (or increased number of eo-
sinophils in the peripheral blood) or Loeffler’s syndrome (i.e., ac-
cumulation of eosinophils in the lung) [123,124]. Although eo-
sinophils play a significant role in various physiologic processes
including innate and adaptive immunity, data on the precise role
of human eosinophils in defense against helminths are limited.
Data on the specific anti-parasitic role of mast cells and basophils,
which behave functionally similar to eosinophils in hypersensitiv-
ity/allergic inflammation, are also inadequate [125-127]. By con-
trast, there is a growing body of evidence that neutrophils play a
protective role against several parasitic infections such as E. bis-
tolytica, Leishmania, and Plasmodium infections [128-130). Neutro-
phils may clear the parasites by a number of mechanisms includ-
ing phagocytosis, generation of reactive oxygen species (ROS),
and formation of neutrophil extracellular traps.
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Table 3. Selected studies that recorded a positive association between metabolic disorders and protozoan parasites

Study Subject Important finding

Udoh et al. (2020); Cross-sectional study of 208 diabetic  Diabetic patients were reservoirs of asymptomatic Plasmodium falciparum.
Nigeria [105] patients

Wyss et al. (2017); Retrospective observational study on Comorbidities, specifically obesity and diabetes, were risk factors for severe
Sweden [106] 937 adults with malaria malaria in adults diagnosed with Plasmodium falciparum.

Danquah et al. (2010); Case-control study of 946 diabetic Patients with type 2 diabetes had a 46% increased risk for infection with
Ghana [107] patients and 520 controls Plasmodium falciparum.

Vizzoni et al. (2018); Cross-sectional study of 619 patients  Elderly patients had a high frequency of hypertension and other comorbidities
Brazil [108] with Chagas disease such as diabetes and dyslipidemia.

dos Santos et al. (1999);
Brazil [109]

Soltani et al. (2021); Iran [110]
Lietal. (2018); China [111]
Reeves et al. (2013);

Germany [112]
Machado et al. (2018);

Cross-sectional study of female
patients with Chagas disease
(h=362) and controls (n=285)

Case-control study of 105 diabetic
patients and 150 controls

Case-control study of 1,200 diabetic
patients (type 1, 2, and gestational)
and 1,200 matched controls

999 Randomly selected adults

Descriptive study of 156 diabetic

Diabetes/hyperglycemia was more prevalent in patients with the cardiac form
of Chagas disease than in controls, or patients with gastrointestinal problems or
the asymptomatic form of the disease.

Chronic Toxoplasma gondiii infection was significantly associated with diabetes.

Diabetic patients had a significantly higher Toxoplasma gondii seroprevalence than
controls.

Obese persons had significantly higher Toxoplasma gondii seropositivity than
non-obese individuals.

Frequencies of Giardia lamblia were higher in individuals with type 2 diabetes than

Brazil [113] individuals those without.
Sisu et al. (2021); Cross-sectional study of 152 diabetes  Diabetes patients appeared susceptible to infections with Giardia lamblia,
Ghana [114] patients Entamoeba hystolytica, and Cryptosporidium parvum.
Akinbo et al. (2013); 150 Diabetic patients and 30 controls  Diabetes was significantly associated with intestinal parasitic infections
Nigeria [115] (ike Entamoeba histolytica).
Alemu et al. (2018); Cross-sectional study of 215 diabetic  Intestinal parasites were found more frequently in diabetic patients compared
Ethiopia [116] patients to data from other similar studies. Cryptosporidium parvum was the parasite
found with the highest frequency.
IMMUNE CELLS IN OBESITY longitudinally followed from 1999 through 2003 revealed that

increasing body weight was independently related to higher WBC,

White blood cells (WBCs or leukocytes) are fundamental com-
ponents of the immune system. Several studies have reported a
quantitative increase in WBCs among obese people [131-133].
A major component of the observed increase in WBC counts is
neutrophils. In peripheral blood, more than half of the WBCs
(up to about 70%) are neutrophils. It is notable that these cells
are present in marginated (recoverable part) and circulating
pools in almost equal proportions, while circulating cells have a
remarkably short lifespan. Nonetheless, along with increased WBC
counts, many investigators have noticed significantly higher
levels of neutrophils in obese people [134-136]. Neutrophils
from obese subjects have also been found to be functionally more
active than neutrophils from lean controls. In obesity, the levels
of neutrophil-released superoxides are significantly greater than
in normal controls [137]. Apart from an elevated leukocyte count
and release of ROS like superoxide (i.e., oxidative burst), the
lymphocyte count is also elevated in obesity. In a community-
based study of 116 obese women, investigators found that obe-
sity was connected with an increase in certain lymphocyte subset
counts, excepting natural killer (NK) and cytotoxic/suppressor
T cells [138]. Multivariate analyses of 322 women who were

https://jpatholtm.org/

total lymphocyte, CD4, and CD8 counts [139]. Similarly, a study
of 119 Saudi female university students showed that both BMI
and waist-to-hip ratio (WHR) were significantly correlated with
WBC, neutrophil, and CD4 lymphocyte counts [140]. Further-
more, in a cross-sectional, retrospective study of 223 participants
(female- 104), BMI was found to have a significant positive rela-
tionship with WBC, neutrophil, and lymphocyte counts [141].
These findings indicate that being overweight or obese may im-
pact both innate and adaptive immune responses to numerous
pathophysiological phenomena including infections by various
pathogens.

Obesity is associated with chronic low-grade inflammation. A
relatively inexpensive method to assess the systemic pro-inflam-
matory state is to determine the blood neutrophil-to-lymphocyte
ratio (NLR) [142]. It is believed that this parameter also indi-
cates the stress situation of our body. A healthy range is between 1
and 2; values more than 3 or less than 0.7 in adults are pathogno-
monic [142]. In a study that compared NLR between obese in-
dividuals with insulin resistance (n = 46) and those without (n =
51), both the neutrophil count and NLR were found to be signif-
icantly higher in the insulin resistance group [143]. It is worth
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mentioning that insulin resistance or type 2 diabetes, which is a
common sequela of obesity, is also associated with elevated total
and differential WBC counts [131,132,144]. In a study of 600
subjects (BMI: 27.9 + 4.7) selected from 474,616 patients who
visited Severance Hospital, Seoul, South Korea between January
2008 and March 2017, NLR was significantly associated with
intra-abdominal visceral adipose tissue volume [145]. In addi-
tion, WBCs and levels of the serum inflammatory marker high-
sensitivity C-reactive protein (hs-CRP) were strongly correlated
with visceral adipose tissue. In a cross-sectional study in Taiwan,
a total of 26,016 subjects with metabolic syndrome were recruited
between 2004 and 2013 [146]. Of note, the American Heart
Association criteria for metabolic syndrome are central obesity,
hypertension, high blood glucose and triglycerides, and lower
high-density lipoprotein cholesterol levels in the blood. In this
study, obesity and related anthropometric parameters such as
WHR were positively associated with NLR and C-reactive pro-
tein (CRP) in both sexes. Another study of 1,267 subjects (1,068
female and 199 male) collected from the out-patient clinic of Diizce
University Hospital, Turkey during 2012-2013 reported that
while WBC, neutrophil, and lymphocyte counts as well as level of
hs-CRP exhibited a significant interrelationship with BMI, BMI
was not correlated with NLR [147]. NLR may not be a better
pro-inflammatory indicator than CRP or hs-CRP. Nonetheless,
adifferent study from Turkey of 306 morbidly obese subjects (BMI
>40) demonstrated significantly higher NLR levels in these sub-
jects than normal controls [148]. Moreover, the authors con-
cluded that elevated NLR was an independent and strong predictor
of type 2 diabetes in morbidly obese individuals. A cross-sectional
study from the 2011-2016 National Health and Nutrition Ex-
amination Survey (NHANES 2011-2016, a US population da-
tabase) recorded a positive association between BMI and NLR in
healthy adult female participants (n = 3,201) [149]. The above
studies indicate that being overweight or obese is linked with
certain circulating markers that can be used affordably to evaluate
systemic inflammatory status.

Lymphocytes (T-cells, B-cells, NK cells) play a significant role
in obesity-linked inflammation [150]. A study from Germany
revealed an impaired NK cells phenotype and subset alterations
in obesity [151]. Another study of 169 subjects demonstrated
an increase in total lymphocytes along with granulocytes and a
decrease in the NK cell population among persons with metabolic
syndrome and increased visceral adipose tissue [152]. Further-
more, an increase in memory cells was also documented in those
subjects with an increased BMI and visceral adipose tissue. Im-
paired B-cell and T-cell function has been observed in high-fat
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(HF) diet-induced obese mice [153].

In HF diet-induced obese C57BL/6] female mice, investiga-
tors noted higher circulating monocytes in the HF group than the
standard chow diet-fed mice [154]. Likewise, a number of studies
involving human subjects have recorded an increased monocyte
count in obese individuals [132,138,155,156]. However, other
studies found no correlation between BMI and blood monocyte
count [140,151]. Monocytes are the largest cells in our blood and
normally up to 10% of WBCs are monocytes. Monocytes can be
classified into three categories depending on their surface recep-
tors: classical (CD14"), intermediate (CD14"* and low levels of
CD16"), and non-classical (CD16" along with lower levels of
CD14"). In a study of 58 obese subjects and 25 metabolically
healthy lean controls, numbers of both intermediate and non-
classical monocytes were higher in obese subjects than lean con-
trols [157]. Interestingly, these investigators also found that the
levels of intermediate monocytes were positively and significantly
related with the obese group’s serum triglyceride levels and mean
blood pressure. Monocytes can differentiate into macrophages
after migration to different tissues of our body— therefore, mac-
rophages are present in the extracellular space. A numbser of reports
have confirmed the accumulation of macrophages in the excess
adipose tissue of obese individuals [157-159]. These infiltrated
macrophages in adipose tissue create an inflammatory environ-
ment due to their production of several pro-inflammatory mole-
cules. Consequently, macrophage infiltration and adipose tissue
inflammation are important pathological processes that contrib-
ute to systemic inflammation and various complications such as

insulin resistance and metabolic syndrome.

INFLUENCE OF OBESITY ON VACCINE
EFFECTIVENESS

The efficacy and effectiveness of any vaccine varies considerably
and no vaccines can provide 100% protection. According to the
WHO, vaccine effectiveness is associated with a number of fac-
tors including age, gender, ethnicity, and other accompanying
health conditions. The efficacy of a vaccine is evaluated by esti-
mating the development of disease among vaccinated people in
comparison with a placebo/control group in controlled clinical
trials (i.e., ideal conditions). Conversely, vaccine effectiveness re-
fers to how a vaccine actually performs in different populations.

The basic biological mechanisms underlying vaccine non-re-
sponsiveness are not well known. However, there is evidence that
both carbohydrate and fat metabolic pathways are involved in re-
sponsiveness to vaccines [160]. Furthermore, obesity has been

https://jpatholtm.org/



36 e RayAetal

proposed to be associated with inadequate vaccine responsiveness
[161]. Apart from well-established health-related problems such
as insulin resistance and hypertension, the obesity-related chronic
low-grade inflammatory state has adverse effects on the immune
system [162]. Obviously, more research is needed to understand
the effects of obesity on vaccine effectiveness.

POTENTIAL INDICATORS OF OBESITY AND
INFLAMMATION

Obesity and CRP have been demonstrated to be positively cor-
related [163]. Furthermore, CRP is widely used as a marker of in-
flammation. Along with its role in inflammation, CRP also func-
tions significantly in host defense against different pathogenic
organisms [164]. CRP is present in at least two distinct forms:
pentameric and monomeric (mCRP) isoforms, which have diverse
activities and functional characteristics. Dissociation of the penta-
meric group into monomeric forms occurs at sites of inflamma-
tion and the monomeric form then may participate in local inflam-
mation. CRP is primarily produced by the liver and its blood
levels may increase from 0.8 mg/L (approximate normal value) to

Leptin resistance

Leptin release
from adipocy'tes

Interleukin-6
release from
macrophages

more than 500 mg/L in inflammatory conditions [165]. However,
CRP is involved in several pathophysiological processes such as
activation of the complement system, phagocytosis, promotion of
apoptosis, release of nitric oxide (NO), and biosynthesis of various
cytokines particularly pro-inflammatory cytokines such as
TNF-0, MCP-1, and IL-6 [166]. In addition, it is believed that
mCRP can stimulate the process of chemotaxis and recruitment of
circulating WBCs to sites of inflammation. Studies have docu-
mented associations (both positive and negative) between CRP
and various hormone-like cytokines (adipokines) that are released
from adipose tissue [167-169]; in particular, with the pro-inflam-
matory adipokine leptin (Fig. 1).

Adipose tissue behaves like an endocrine organ. As mentioned
earlier, several hormone-like cytokines or adipokines are secreted
from adipose tissue or fat cells. In general, the majority of these
adipokines are pro-inflammatory, for example, leptin, visfatin,
and resistin. However, a few anti-inflammatory adipokines such
as omentin, apelin, and adiponectin are also secreted. Neverthe-
less, the majority of published studies have focused mainly on two
adipokines— pro-inflammatory leptin and anti-inflammatory
adiponectin. These two adipokines are involved in a number of

C-reactive
protein release
from the liver

Excessive adlpose

Release of excessive
pro-inflammatory
adipokinesincluding
leptin in the
circulation

tissue in obesity

Fig. 1. Relationship among pro-inflammatory adipokines, interleukin-6 (IL-6), and C-reactive protein (CRP) in obesity. Infiltration of macro-
phages in excess adipose tissue is a common phenomenon. The pleiotropic pro-inflammatory cytokine IL-6, secreted by monocytes/macro-

phages, induces the biosynthesis of CRP from the liver.

https://jpatholtm.org/

https://doi.org/10.4132/jptm.2022.11.14



Cellmembrane

Pro-inflammatory response
Y (mediators and cytokines) e
MEK =—— ERK

Nucleus

Fig. 2. Principal intracellular signaling pathways of leptin in connec-
tion with the chronic low-grade inflammatory state found in obesity.
AKT, protein kinase B/serine-threonine kinase; ERK, extracellular
signal-regulated kinase; JAK, Janus kinase; MAPK, mitogen-acti-
vated protein kinase; MEK, mitogen-activated protein kinase ki-
nase; mTOR, mechanistic/mammalian target of rapamycin; Ob-R,
leptin receptor; PI3K, phosphatidylinositol-3-kinase; STAT, signal
transducer and activator of transcription.

biological mechanisms both under normal health conditions as
well as under pathological circumstances. Interestingly, both
adipokines are closely linked with our immune system. Leptin is
a 16-kD protein produced primarily by adipocytes. Its main func-
tion is maintenance of energy homeostasis through regulation of
the arcuate nucleus of the hypothalamus. Leptin is associated with
both innate and adaptive immune responses [170]. This adipo-
kine has a close connection with inflammatory molecules includ-
ing IL-6, TNF-a, NO, eicosanoid, and cyclooxygenase (particu-
larly cyclooxygenase 2) [171], as well as intracellular signaling
pathways connected with inflammation such as mitogen-activated
protein kinase, Janus kinase/signal transducer and activator of
transcription, and phosphatidylinositol-3-kinase (Fig. 2). In ad-
dition, leptin promotes chemotaxis, phagocytosis, and release of
ROS [170,172].

Higher circulating levels of both leptin and CRP have been
demonstrated to be correlated with disease severity and poor prog-
nosis in patients with COVID-19 [173-175]. In a recently pub-
lished report from Italy, COVID-19 patients with pneumonia had
increased circulating levels of leptin and IL-6 and lower adipo-
nectin levels than age- and sex-matched healthy controls [176].
Similar findings were documented in another study from the
Netherlands [177]. In contrast, a group of investigators hypoth-
esized that increased blood levels of leptin could be due to patients’
obesity and unrelated to disease pathology [178,179]. A number
of mechanisms have been proposed to explain the poor prognostic
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role of leptin in COVID-19. van der Voort et al. reasoned that
SARS-CoV-2 infection, by inducing higher leptin production,
might overactivate leptin receptors in pulmonary tissue, ultimately
enhancing local inflammation in the lungs [177]. Higher leptin
levels could also activate monocytes and thus upregulate the ex-
pression of pro-inflammatory cytokines in monocytes, resulting
in dysregulation of immune responses, finally leading to ARDS
and multiple organ failure [173,180]. As mentioned earlier,
leptin receptors are present in all immune cells. Therefore,
leptin may affect the functions of these cells. Understanding the
precise role of leptin and its interactions with different adipo-
kines (both pro-inflammatory and anti-inflammatory) and other
classical hormones such as insulin, insulin-like growth factors,
and estrogen, will help elucidate the relationships between obe-
sity-related problems and immune mechanisms.

CONCLUSION

The recent COVID-19 pandemic has renewed interest in infec-
tious diseases, and the disease pathology itself is a meeting place of
both communicable and non-communicable diseases. For this
reason, many authors have described the grave situation of 2020
and 2021 as ‘double pandemics’— the pandemic of COVID-19
and the long-continued global problem of obesity [1,181,182].
Apart from bacterial and fungal infections that are a common
occurrence in obesity-related health conditions like type 2 diabetes,
a number of prion-like diseases have a close link with these met-
abolic disorders. Regular assessment of a few markers such as
CRP and leptin and adjustment of lifestyle factors could help
protect against pathogens as well as metabolic diseases.
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