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REVIEW ARTICLE

Control of mortality by human serum albumin

Andrew S. Johnson1, and William Winlow1,2*
1Department of Biology, University of Napoli Federico II, 80138, Naples, Italy
2Institute of Ageing and Chronic Diseases, University of Liverpool, Liverpool, UK

Abstract
In a fit, resting human, efficient heart function depends on sufficient return of blood 
to the heart. At any stage of acclimatization, whether through changes in external 
environment or illness, pressures in the cardiovascular system must equilibrate to 
ensure adequate supply of nutrients to the deep capillaries, simultaneously providing 
adequate osmotic pressure to the cells and systemic pressure for venous return. 
About 80% of colloid osmotic pressure (COP) is controlled by levels of human serum 
albumin (HSA), which is the ultimate, homeostatic determinant of fluid volume (FV) in 
all compartments of the body and is controlled by the liver. The state of cardiovascular 
output is regulated by COP, which is determined by HSA colloidal pressure, which 
has clinical significance in many areas of medicine. In COVID-19 and other diseases 
like Streptococcus, where albumin binding has been suspected of being in deficit, 
we suggest that raising available HSA binding will alleviate vulnerabilities to disease 
and sepsis, unlike present forms of fluid therapy (FT). In this review, we describe how 
HSA binds and delivers nutrients as an intermediary transporter as it circulates, being 
especially important in the lymphatic system. Insufficient HSA nutrient binding leads 
to cell stress and albumin-binding deficiency (ABD) as both colloidal pressure and 
nutrients change lead to symptoms of sepsis. HSA binding can be reduced because of 
a lack of HSA or external ligands taking up binding sites on HSA. FV also affects long-
term metabolic and cardiac diseases due to incorrect pressure and nutrients. The 
HSA lymphatic nutrient pump therefore utilizes HSA as an intermediate transporter 
of nutrient and waste ligands, and their circulation is determined by the lymph 
rather than the cardiac output. An elevation of the whole body colloidal pressure 
will increase the whole body FV and subsequently trigger production of all other 
nutrients in blood plasma and lymph: For example, body fluid increase will decrease 
blood oxygen to the kidneys promoting erythropoietin release culminating in the 
creation of new blood cells. We provide evidence that the hepatic portal vein (HPV) is 
essential in the precise control of HSA, glucose, and ketone metabolism and that the 
HPV is the appropriate target for FT and glucose control. We propose that in a clinical 
situation where this method is applicable, raising HSA will alleviate the symptoms of 
ABD and decrease the likelihood of serious illness and death by sepsis.

Keywords: Albumin; COVID-19; Diabetes; Fluid therapy; Sepsis

1. Introduction
During illness and old age, the systemic changes stemming from the loss of human 
serum albumin (HSA) binding (Figure 1) cause cumulative cellular changes[1-7]. These 
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changes are reflected in the ability of the liver to maintain 
levels needed for systemic delivery of almost all nutrients, 
including gaseous exchange[2,3].

There are two main mechanisms for adjusting cellular 
health when illness occurs: Either remove the irritation 
or adjust the medium the cells are bathed in to maintain 
the best survival. In cases of COVID-19, influenza, and 
bacterial diseases, the conventional wisdom is to remove 
the offending virus or bacteria. This is usually done by a 
vaccine, which uses the body’s own immune system to 
create antibodies to promote dissipation or antibiotics 
which destroy the bacteria in situ. The second method is 
to stabilize cells and the immune system by altering the 
medium in which they sit. This method must take into 
consideration a number of factors because the systemic 
system controlling individual organs and cellular structures 
is diverse, and during illness, normal vascular control is 
usually impeded. We suggest one method of increasing 
the immunity of the body is to improve nutrient supply 
and colloid oncotic pressure to the cells. In our previous 
papers, we covered evidence such as the age profile of 
has levels (Figure  1) and the possibility of raising HSA. 
This can be done by infusion of HSA to the circulation 
through the liver and increasing whole body fluids (WBF) 
to a level at which the cardiovascular/lymphatic system is 
most efficient. Colloid osmotic pressure (COP) has been 
found as a useful biomarker of fatal outcome in pregnant 
COVID-19  patients[8]. In our previous papers, we have 
already explained the relevance of HSA to pregnancy[1,2,4,5] 
that the pregnant mothers can become HSA binding-
deficient leading to increased vulnerability because the 
fetus does not produce its own HSA.

In anesthesiology and surgery, maintaining correct 
WBF is essential for the efficiency of heart and lungs 

both in terms of pressure and nutrients[9]. Appropriate 
concentrations of cellular nutrients improve recovery from 
surgery and diabetes[10]. All systemic pharmaceuticals 
depend on not only the levels of WBF but also the binding 
constraints of HSA in determining the constitution of the 
blood, interstitial fluids, lymph, and other body fluids. 
A  successful protocol to maintain HSA at set levels will 
alleviate diurnal and systemic variation, permitting 
control of glucose and ketone levels by allowing the precise 
maintenance of pancreatic and adrenal hormones, which 
also compete for transport by binding to HSA. As liver 
HSA production increases all other components of the 
blood change correspondingly, each component forms 
an equilibrium determined by its timing and distribution 
through the interstitial fluid and lymph. All other proteins 
and cellular distribution of blood components are 
maintained secondary to HSA including nutrients, red 
and white blood cell count, and the levels of hormones and 
waste. HSA through its control of colloidal pressure and 
WBF therefore underlies both the maintenance of blood 
pressure and the efficiency of the heart.

2. COVID-19 and albumin (HSA)
We have recently demonstrated the HSA lymphatic 
nutrient pump (HSALNP) and its critical importance to 
health (Figure 2)[1] and HSA (Figure 1)[11-13]. The HSALNP 
independently pumps nutrients by means of circulation 
of nutrient-bound HSA in the blood and lymph. HSA 
is the primary intermediate nutrient transporter. HSA 
production, circulation, and concentration therefore 
maintain the body’s ability to adapt on acclimatization and 
injury. We defined the symptoms of sepsis as being caused 
by insufficient binding of HSA causing insufficient HSA-
bound nutrients and colloidal pressure in the interstitial 
spaces flowing to the lymph[1,2]. Insufficient HSA binding 
can be caused by the lack of HSA or temporary occupation 
of binding sites on HSA (when COVID-19 virions and 
other immunoglobulins bind). Cellular damage is timing-
dependent on essential nutrients, such as glucose being 
controlled and distributed by the liver to the deep cells of 
organs. HSA transport of proteins, for example, C-reactive 
protein (CRP), a known component of the endothelial 
glycocalyx, from the liver is common during infection[6,14,15], 
and endothelial glycocalyx degradation is a known factor 
in COVID-19 infection[15].

The HSALNP (Figure  2) is a circulatory system that 
should be considered separately from the conventional 
cardiovascular capillary circuit and is concerned with 
nutrition of the cells. The HSALNP circulates within 
the interstitial spaces to the lymph then to venous 
return during multiple-hour half-life. It is pressure-  and 
hormone-dependent. HSA concentration is maintained 

Figure 1. HSA levels are age-dependent and have a direct relationship to 
mortality due to COVID-19 and other illnesses[1,2,4,5]. HSA levels drop in 
males from the age of 50 and females at about 65, corresponding to an 
increased risk of illnesses; in this case, the risk of serious illnesses and 
death stems from COVID-19[1,2,4,5].

https://doi.org/10.36922/gpd.0328
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within narrow limits and any deviation from normal 
blood flow or ability to bind ligands will decrease nutrients 
in the HSALNP and cause albumin-binding deficiency 
(ABD) with corresponding changes in nutrients, colloidal 
pressure, and diastolic pressure. Nutrients travel around 

the body bound, with the most abundant binding protein 
being HSA. Sites of nutrient production are linked to 
targets so that sufficient nutrition is constantly maintained 
as in the regulation of glucose. Both the HSALNP and ABD 
are a logical explanation of the processes that must exist to 

Figure 2. The human serum albumin lymphatic nutrient pump.

• Hypoalbuminemia is a known factor in sepsis patients[15‑18] and COVID‑19[18].
• Hypoalbuminemia is associated with inflammation[18‑21] and is a marker for checkpoint blockade[22].
• Insulin production is a known determinant of HSA[23].
• HSA is implicated in recovery from post‑cardiac arrest[24] and coronary heart disease[25]:
• It is a useful predictor of ketoacidosis[26,27].

• Since early 2020, researchers have been reporting the relationship between COVID‑19 and both intravascular HSA levels and hypoalbuminemia[28‑38].
• Albumin oxidation in COVID‑19 is known to occur[37] as is structural damage[38] and glycogenesis[39], in each case HSA binding is decreased.
• Binding of ligands affects HSA levels: HSA binds to the COVID‑19 spike 1 subunit and predicts in‑hospital survival[40].

• The progress of HSA in sepsis and COVID‑19 has been evaluated[38] and oxidative stress is known to occur during HSA deficiency[39].
• �HSA levels may identify patients with SARS‑CoV‑2 infection in whom inflammatory processes are occurring and serve as a potentially useful marker 

of disease severity and prognosis[29‑33].

• The existence of a mechanism, through the HSALNP that explains the kinetics of serious COVID‑19 vulnerabilities, such as ABD, is described here.

• HSA is self‑regulated through feedback from pressure within the hepatic portal vein – 80% of this pressure is from HSA.
• HSA is therefore the primary determinant of body fluids as all other mechanisms of the blood regulate around this changing concentration.
• �In the 19th century, earnest starling investigated the effects of colloidal pressure on capillaries and understood that HSA as the primary colloid was the 

determinant of WBF[13,14] and noted the effect of colloids on nutrition. Starling understood the relationship between colloidal pressure and diastolic pressure.

Figure 3. Evidence that vulnerabilities and sepsis in COVID-19 are caused by human serum albumin (HSA) binding deficiency. Based on the evidence 
presented here, the regulation of HSA levels forms the basis of mean cardiovascular return and output when the body is at rest, with systolic/diastolic 
pressures being optimal. Any lowering of pressure causes production of HSA and an increase in plasma volume. Glucose and ketones are then corrected at 
this level as are other nutrient ligands, according to their own mechanisms.

https://doi.org/10.36922/gpd.0328
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explain nutrition of cells and failure during sepsis[16-18] and 
multiple organ failure as shown in Figure 3.

The HSALNP provides binding from the target (liver) to 
the cells, but ABD occurs when binding of systemic nutrients 
is impaired. Common manifestations of COVID-19 in 
children include non-dermatological age-related symptoms, 
such as multisensory inflammation syndrome. Age-related 
dermatological symptoms change from urticaria in 
children under 2 years old to chronic lymphocytic leukemia 
in the middle teens. Distribution of HSA is known to be 
extensive in the children’s skin, which is a relatively larger 
organ than that in adults[1].

3. Raising HSA concentration to correct 
deficiencies that cause vulnerabilities in ABD
Gaseous exchange to cells takes place in the lungs, cells are 
supplied from the capillary network, with almost all gaseous 
distribution by direct diffusion. In contrast, metabolites are 
transferred through the cellular interstitial spaces determined 
by HSA binding and interstitial fluid and lymph flow. 
However, over 50% of HSA forms a secondary circulation, 
which has a half-life of many hours, from the leakage of 
HSA through the interstitial spaces into the lymph – this is 
the HSALNP. This secondary circuit is fed from the primary 
circuit which is maintained by HSA liver production and is 
dependent upon organ movement. In turn, metabolites such 
as glucose and ketones are controlled in the primary circuit 
by circulating hormones mainly from the adrenal glands 
(cortisol, aldosterone, adrenaline, and noradrenaline) and 
pancreas (insulin and glucagon). Long-term maintenance of 
glucose is therefore dependent on individual organ’s use of 
glucose, organ usage reduces glucose levels which are then 
detected by the pancreas as the lymph returns to the plasma. 
Note that glucose levels are maintained in the fast primary 
cardiocapillary circuit and not the HSALNP with insulin 

flowing directly from the pancreas through the hepatic 
portal vein (HPV). The result is that liver control of glucose 
by insulin from the HPV and pancreas is maintained within 
this fast circulation every few minutes at most.

The ability to raise or decrease WBF has many clinical 
consequences in almost all areas of medicine. In ABD 
(Figure  4), an increase in albumin levels will gradually 
stabilize the HSA diurnal rhythm by settling variations 
in the cardiovascular capillary circulation and stabilizing 
cardiovascular output. Once HSA is raised to an appropriate 
concentration, ABD will be reversed as the chain of 
nutrients supplied by the liver and the complex equilibrium 
of nutrients in the plasma re-establish themselves. In the 
longer term, the 7-h half-life of the HSALNP, which supplies 
the interstitial spaces and deep cells with nutrients and 
maintains correct colloidal pressure, will resume providing 
interstitial spaces and cells as appropriate.

The HSALNP separates the cardiovascular system into 
different circulations according to the half-life of substances 
transported. Thus, conventionally gaseous respiration 
provides exchange in minutes to the cells from the lungs. 
The speed and distribution of all other components in the 
blood is controlled by the binding levels of albumin; 60% of 
which passes into the interstitial spaces and lymph, taking 
many hours to return to the liver. It is this second longer 
nutrient circulation, which has been overlooked, and the 
timing of which may be weeks. Concentrations of all other 
components of the blood respond to changes in HSA and 
normalize correspondingly.

4. Maintenance of physiologically normal 
HSA levels
In a healthy body, HSA production in the liver is regulated 
by pressure in the hepatocytes of the liver. Increased levels 

• �A decrease in HSA binding availability causes albumin‑binding deficiency (ABD), whereby insufficient binding for nutrient affects oncotic pressure 
and cellular nutrients.

• �ABDs are defined symptoms caused by lack of correct binding to HSA, resulting in illness caused by resulting nutrient deficiency and adverse oncotic 
pressure changes.

• Sepsis may well be an ABD similar to metabolic diseases and many cardiac symptoms[2,4,17,18,40].

• �ABDs cause endothelial collapse, and the endothelial glycocalyx plays an important role in vascular homeostasis, regulating vascular permeability and 
cell adhesion. It has antithrombotic and anti‑inflammatory functions and is bound within the glycocalyx, thus contributing to stability of the layer.

• �Proteins that support the glycocalyx like C‑reactive protein which are created in the liver are transported by HSA and become integral to the 
endothelial glycocalyx[6,15].

• HSA also transports sphingosine‑1‑phosphate, which has protective endothelial effects[5].

• The human serum albumin lymphatic nutrient pump (HSALNP) distributes nutrients selectively to organs, simultaneously maintaining oncotic pressure[1,2,4,5]. 

• Present regimens for saline and colloids do not consider physiological reality[4,5]. Infusion of the periphery can produce cellular damage.

• �An appropriate procedure for fluid therapy is by direct infusion to the liver, and the most convenient route is by the hepatic portal vein (HPV) 
by ultrasound‑guided core needle. Note the HPV is the only site of entry for both insulin and HSA where it is possible to maintain appropriate 
concentrations. Dilution of insulin or HSA by infusion at the periphery is predicted to cause insulin resistance as it is primarily fed to the periphery.

Figure 4. Albumin-binding deficiency and an appropriate procedure to overcome it.

https://doi.org/10.36922/gpd.0328
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of HSA produce an increase in ketone bodies from the liver, 
a preferential metabolite for the lungs, heart, and brain. 
During ketogenesis, any ketones not metabolized during 
illness continue to circulate in excess. Glucagon plays a 
limited role in ketogenesis during fasting or in response to 
SGLT2 inhibition[7]. The lungs are the primary site of plasma 
and lymph flow from the liver. The delivery of ketones to 
the lungs is immediate; an excess of ketones may produce 
ketoacidosis[10,44-47], while a deficit causes inefficiency in 
cellular function. A chain of events maintains the normal 
supply of ketones from the lungs and depends on albumin 
levels. Both ketones and glucose levels are also controlled 
by levels of insulin and glucagon secreted from the pancreas 
directly into the HPV. Pancreatic plasma is sampled for 
glucose levels from cardiac output and is primarily reactive 
to changes in glucose concentrations within one or 2 min 
from detection of plasma restricted to capillaries. However, 
plasma that flows into the lymph may take many hours in 
the interstitial lymph circulation. Glucose tolerance is thus 
one of fast (HPV) and slow correction (HSALNP) with 
present procedures for glucose stabilization and diabetes 
only referencing these mechanisms in combination.

The safety of raising HSA concentration relies on the 
timing of distributed nutrients through the interstitial 
cells and the constitution of the resulting lymph. Although 
the timing to infuse HSA to the cardiovascular capillary 
circulation takes a few minutes, the resulting flow 
through the interstitial-lymph circuit takes many hours, 
as mentioned above. Many nutrients such as glucose 
are only partly bound to HSA and their timing through 
the interstitial/lymph does not follow that of HSA. This 
means glucose variations follow discrete timings as lymph 
returns to the venous system slowly. Glucose levels are 
maintained mainly by insulin and glucagon excretion 
by the pancreas as well as adrenaline in times of stress. 
Insulin, bound to HSA, is maintained by concentrations 
in the HPV as it passes to the liver. Levels of glucose are 
therefore dependent on only the insulin levels in the HPV 
and not the rest of the circulatory system. This is reflected 
in the rapidity of glucose homeostasis. Therefore, in illness 
where the lymph flow is irregular, insulin measurements 
should ideally be taken from the HPV or arterial blood 
where a more direct relationship exists. In the liver, 
insulin promotes glycogenesis, converting glucose to 
glycogen for storage, thus leading to a reduction of blood 
sugar. This feedback loop that regulates glucose is entirely 
dependent on the cardiovascular capillary circulation, as 
the pancreas is primarily sampling glucose through this 
loop with changes in lymph occurring over the longer 
term depending on lymph flow. The interdependency of 
insulin, HSA, glucose metabolism, and levels of insulin 
can also be seen in the age variations in Type 2 diabetes 

in terms of both obesity and the age profile. In diabetes, 
hepatic production of serum albumin decreases, and it 
has been long established that insulin positively controls 
albumin gene expression[21]. Serious illness in COVID-19 
occurs during the secondary phase when IgG3  cells are 
at their highest[37]. In addition, glycosylation of HSA 
decreases available HSA binding.

A chain of nutrient exchange therefore exists between 
the liver–lungs–heart and the rest of the body, such that 
release of proteins and nutrients of the liver are exchanged 
in the lungs before entering the capillary circulation of the 
periphery. The lungs and heart are both ketone metabolizers 
and therefore have a different dependency on HSA binding 
than the periphery. Maintaining this chain is critical for 
the health of the heart and lungs, especially during stress 
or illness. As blood flows from one organ to the next in 
series, binding by albumin and corresponding nutrient 
binders of nutrients change to reflect the correct medium 
for cell growth and cardiovascular efficiency. It is very 
important that this chain of binding and concentrations of 
metabolites is maintained so that individual organs operate 
within their correct nutrient medium and pressures.

Ketones, (released concurrently with HSA production), 
are preferentially metabolized by the lungs, heart, and 
brain during prolonged exercise or when glucose levels 
drop during illness[9,43,44,46]. Increased synthesis and use of 
ketone bodies as ancillary fuel during periods of deficient 
food supply, and low insulin levels causes oxidative 
stress in the mitochondria, which initiates a protective 
response allowing cells to cope with decreased energy 
availability[9,41,46]. In a normal healthy individual who has a 
sedentary lifestyle, ketone levels are balanced by the release 
of HSA. Exercise produces a relative drop in pressure in 
the liver, producing both nutrient-bound has and ketone 
bodies. In a healthy individual, any excess acetone from 
ketone metabolism is largely excreted by the lungs, thus 
avoiding ketoacidosis. In a respiratory-compromised 
individual, whose the lungs are infected by COVID-19, 
any increase in HSA and ketones will result in ketoacidosis 
and cellular death. An inverse relationship exists between 
HSA levels and ketosis for Type  2 diabetes[46]. As the 
release of ketones is dependent on natural release of HSA, 
any infused HSA will therefore lead to a drop in ketones 
as plasma volume increases. In acute respiratory distress 
syndrome, this may have a beneficial effect on increasing 
antioxidants and decreasing risk of ketoacidosis. If HSA 
is administered rapidly, both ketones and glucose may 
require adaptation, either by hormonal influence or direct 
infusion. The ketone-body metabolism is maintained by 
the anabolic hormone insulin and the primarily catabolic 
hormones, glucagon, cortisol, catecholamines, and growth 
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hormone[44-47]. The level of ketones should be assessed, 
ideally in the hepatic vein, arterial blood, and venous 
blood, to monitor their usage and production.

Albumin and magnesium concentrations are linearly 
related at high and low albumin concentrations[48,49]. Both 
magnesium and calcium are bound to HSA, with up to 80% 
of the calcium bound to HSA. The relationship between this 
competitive binding is well known, with the metabolism 
of magnesium and calcium, which are interdependent, 
closely related to the intestinal absorption and the renal 
excretion[48,50]. Plasma calcium concentration is maintained 
within a narrow range by the coordinated action of 
parathyroid hormone (PTH), 1,25(OH)2D3, calcitonin, and 
ionized calcium (iCa2+)[46]. HSA is an intermediary that 
transport both calcium and magnesium, which compete for 
binding and dissolution in surrounding fluid. Transport of 
both calcium and magnesium is dependent on HSA levels 
for binding and appropriate oncotic pressures to adequately 
supply cells. Modified calcium and magnesium ratios are 
implicated in COVID-19 vulnerabilities[51,52].

Appropriate pressure regulation of cardiac function 
is dependent on the concentrations of body fluids and 
their distribution. Levels of overall pressure in the cells 
supplying nutrients are then maintained by repetitive 
heartbeats and colloidal pressure, which depends on HSA 
and maintains fluid volume to the capillary endothelia 
and interstitial spaces. For a healthy heart, sufficient blood 
must be returned to the heart with every filling of the 
atria so that the ventricles can operate within their limits 
as defined by the Frank-Starling effect. It is the liver and 
HSA production that defines WBF, blood volume, and 
content providing both a stable WBF and cardiovascular 
output within the limits of each individual physiology, by 
sampling pressure at its lowest in the HPV.

Serum albumin concentration is an important 
predictor of both baseline hemoglobin and erythropoietin 
sensitivity[53]. Erythropoietin released during sustained 
hypoxia leads to changes in hemoglobin following 6 weeks 
of acclimatization. Increasing WBF and blood volume will 
have an immediate effect on increasing blood flow, which 
may alleviate some sensitivity to HSA infusion. However, 
acute-phase reactants such as highly sensitive CRP[42,43], 
lactate dehydrogenase (LDH), ferritin, procalcitonin, 
interleukin 6, tumor necrosis factor-alpha, and interleukin 
1 are elevated in most cases of sepsis, and early elevation is 
associated with high mortality if left untreated.

5. Discussion
Successful increase in HSA level depends on different 
pathologies of individuals and the technology to cannulate 
the HPV, evaluate, and correct nutrients and hormones. Core 

needle biopsy under ultrasound is now a regular procedure 
and has been used for the liver[54], and this technique can be 
used for safe cannulation of the HPV. The importance of the 
HPV has been shown during insulin clamp[55].

5.1. Lungs and COVID-19

The lungs are almost always the first point of infection in 
COVID-19. Any damage to the lungs affects the primary 
circuit of the HSALNP, affecting all metabolites in the 
blood. Metabolites controlled by the liver, such as glucose 
and ketones, are selectively metabolized according to 
the activity of the lungs. In damaged tissue, ketosis is 
a danger. Reduced respiration will reduce the level of 
acetone removal and promote ketoacidosis. In cases of 
lung damage, infusion of has to the liver should be to a 
well-ventilated supine subject, with at least ketone/glucose 
levels monitored and adjusted. Levels of adrenaline should 
be at least stable.

5.2. Albumin-binding deficiency

Here, we provide evidence that ABD is the primary 
cause of sepsis. In ABD where lung inflammation is not 
problematic, direct infusion to the HPV should adequately 
raise WBF and reduce vulnerabilities and sepsis. An 
HSA rise will affect all other components of the blood 
accordingly. In ill patients, timing is still critical and care 
should be taken as the effluent from the lymph mixes with 
that of the plasma. It is the various timings of ligand-HSA 
complexes passing through the interstitial spaces that 
result in lymph formation. The lymph flows back into the 
venous circuit and changes the components of the plasma. 
This process may take many hours through the interstitial 
spaces to the lymph, depending on the specific ligand 
and flow rate. The effect of all organs releasing lymph 
contributes to variations in concentrations, such as diurnal 
variations. With insufficient HSA or a depletion of binding 
potential caused by blocked HSA as in glycation, or 
competitive binding with immunoglobulins, nutrients may 
be exchanged before reaching the deep interstitial cells. 
This produces both colloidal and nutrient deficiency at the 
level of both the cells and the cardiovascular circulation. 
An increase of HSA concentration increases blood volume, 
and maintenance of that concentration should permit deep 
cells to be optimally perfused by HSA.

5.3. Suggested protocol for administration of HSA

We suggest monitoring glucose, ketones and corresponding 
hormones, insulin, and glucagon with the aim of 
maintaining a balance, where necessary, as close as the 
physiologically normal levels in the HPV. Both pancreatic 
and adrenal hormones are important in maintaining 
primary ketone/glucose balance during stress and must be 
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maintained at or near optimal as HSA rises in their point 
of action, the liver. HSA should be infused directly into 
the liver where it is formed naturally and where binding 
to metabolites and homeostasis originates. It is essential 
that HSA is infused to the liver and not into the periphery 
where unbound HSA causes stress through colloidal 
pressure change and nutrient loss. To ensure accuracy of 
timing for infusion, the HPV should be used, because any 
variations in concentration within the HPV are critical for 
those of both glucose and HSA. Ketones and glucose are the 
secondary variants in the cardiovascular circuit after HSA: 
Their concentrations are determined by the homeostasis of 
pancreatic and adrenal hormones, which can be modified 
through the HPV to ensure continuity.

The liver has highly complex mechanisms for 
moderating the content of the plasma’s diverse ligands in the 
blood. Fundamental to this is the level of COP maintained 
by HSA. The liver is adaptable to huge variation in its 
production of HSA and metabolites. There is no evidence 
to suggest that healthy liver cannot produce, and recharge 
metabolites linked to infused HSA at any physiological 
levels. In addition, almost all systemic pharmaceuticals 
form ligands with albumin or other related protein 
binders like prealbumin are therefore affected by the HSA 
concentration. Changes in WBF will also change the output 
of ligand transport to cells by increasing cardiac efficiency. 

Increase in WBF caused by HSA infusion leads to changes 
in systemic hormones, which lead to concomitant changes 
in both glucose and ketone metabolism. Ketones are 
metabolized in the fast cardiovascular capillary circuit, 
which is important during exercise when the lungs and 
heart metabolize ketones under stress and on the release 
of adrenaline. An insulin surge in the HPV is followed by a 
decrease in glucose and increasing levels of HSA, ketones, 
and fatty acids. Glucagon can also act to increase glucose, 
and when insulin is deficient, ketone levels also increase. 
Adrenaline raises concentrations of ketones, glucose, and 
fatty acids. Cortisol like glucagon raises concentrations of 
ketones and glucose but decreases fatty acids when insulin 
is deficient. Note that the level of glucagon is controlled 
by the pancreas, and the cortisol level is controlled by a 
separate blood supply to the adrenal gland. Blood is 
therefore sampled from two diverse sites.

Deconstructing the actions of these hormones in 
respect to their sampling of the plasma demonstrates that 
HSA levels are also partially maintained from the glucose 
levels when insulin is present (Figure 5). HSA is primarily 
controlled by overall pressure in the HPV and this further 
attribute may have practical value for increasing HSA 
during illness. It may be possible to increase HSA naturally 
by fine-tuning levels of these hormones accurately and 
maintaining ketone and glucose levels.

5.4. Importance of HSA infusion into the HPV

The HPV is vital to the timely control of glucose, HSA, 
and ketones, all of which are maintained by sampling 
and correction of plasma within seconds or minutes. 
HSA and insulin should be administered so that the 
homeostatic process controlling HSA, glucose, and ketones 
is uninterrupted. We have already shown that the infusion 
through the periphery leads to incorrect colloidal pressures 
and nutrient deficits in the deep cellular structures. Infusion 
of insulin or HSA to the periphery reduces effective 
concentrations of these hormones in the liver and interferes 
with their respective binding in the plasma. Using the 
HPV, HSA equilibrium can theoretically be maintained. 
Maintaining HSA concentration within the physiological 
range should produce immediate benefits in patients with 
heart and lung diseases. In a healthy individual, the levels of 
ketone and glucose rise rapidly during exercise and as the 
lungs and heart metabolize them, the homeostasis of ketone 
and glucose can be maintained. It is this equilibrium and 
the balance between ketones, glucose, and the rest of the 
nutrients that maintain body health.

6. Conclusion
HSA concentrations affect every cell in the body and a 
reduction in HSA levels is directly implicated in many areas 

	 1. HSA ‘∝’ K
	 2. In(G)  =  ↑HSA ↑K ↓G ↓Fa
	 3. gl(-in)  =  ↑G ↑K
	 4. ep  =  ↑K ↑G ↓Fa
	 5. co(-in)  =  ↑K ↑G ↓Fa

K = ketones, G = glucose, Fa = fatty acids, in = insulin, gl = glucagon, 
ep = adrenaline, co = cortisol.

Figure 5. Hormones maintaining HSA, glucose, and ketone levels. These 
represent measured results taken from the references and they are non-
linear reactions. (-in) indicates that insulin deficiency is required; for 
example, glucagon can increase ketogenesis acutely when insulin secretion 
is inhibited[14]. Ketone production and release of HSA and ketones are 
linked. (1) Ketone production increases proportionally to HSA levels. 
(2)  Insulin increases HSA and ketone production in the presence of 
glucose, which is decreased with fatty acids. (3) Glucagon in the absence 
of insulin increases the levels of both glucose and ketones. (4) Adrenaline 
increases ketones and glucose with loss of fatty acids. (5) Cortisol in low 
insulin increases ketones and glucose with loss of fatty acids. In addition, 
as the HSA levels rise, the glucose concentrations fall as a consequence of 
the dilution of plasma fluid from colloidal pressure change and from the 
additional binding of glucose to HSA. A logical feedback mechanism that 
exists between HSA, glucose, and insulin can be manipulated to regulate 
the liver and by implication, the health of the body. The implication is that 
HSA can be raised appropriately when glucose and insulin are present. 
Rapid increase of HSA may precipitate adverse effects in pulmonary and 
heart disease due to the release of ketone bodies. To maintain or increase 
HSA levels to a new equilibrium, glucose should be present and insulin 
added to the HPV.
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of health. Evidence shows that raising HSA concentration 
by successful infusion into the HPV will have the beneficial 
consequences of stabilizing insulin and glucose levels, 
thereby reducing vulnerability to diabetes. There is ample 
evidence that a healthy body should respond to an increase 
of WBF by replacing all nutrients and blood cells in due 
time, optimizing cellular nutrients and oncotic pressure as 
well as delivery of nutrients into cells. Such optimization 
of the colloidal pressure of plasma will also optimize WBF, 
bringing diastolic and systolic pressures to optimal and 
ensuring optimal distribution of blood flow throughout 
the body. Clinical maintenance of WBF by HSA infusion to 
the liver will stabilize HSA variability and diurnal changes, 
permitting the fine control of metabolites, including 
glucose and ketones.
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Abstract
Thyroid carcinoma (TC) is one of the most common endocrine carcinomas with 
an increasing rate of morbidity in recent decades. With a high risk of relapse and 
metastasis occurring in TC patients, it is essential to identify potential prognostic 
signatures for TC patients. Here, through a comprehensive review, we summarized 45 
prognostic signatures for TC patients and concluded three main strategies for signature 
establishment after an extensive investigation. In particular, these signatures were 
classified according to different construction strategies, and the verification methods 
were summarized. Besides, we found that 18 key genes were overrepresented 
in reported signatures. This review provides a comprehensive understanding, 
systematic summary, and integrated analysis of current prognostic signatures of TC, 
which may help researchers to further understand cancer progression, construct 
prognostic signatures of TC, and guide future clinical treatment.

Keywords: Thyroid cancer; Prognostic signatures; Survival outcome

1. Introduction
TC is considered one of the most common endocrine carcinomas with a considerably 
high morbidity and mortality[1-3]. The average annual incidence of TC is more than 6% 
and has appreciably increased in recent decades[4]. According to distinct origins and 
differentiation degree of TC cells, TC could be mainly divided into five pathological types: 
Papillary TC (PTC), follicular TC (FTC), poor-differentiated TC (PDTC), anaplastic TC 
(ATC), and medullary TC (MTC)[5-8]. Among these, PTC and FTC were thought to be well-
differentiated TC, the long-term survival rates of which are higher than 90%, and PTC is 
considered the most common type of thyroid cancer[9,10]. In addition to the main five types 
of TC, a rare subtype of TC also exists, namely, spindle cell thyroid cancer (SCTC)[11].

Although most TC patients exhibited good prognosis, some patients still underwent 
high risks of cancer recurrence and distant metastasis[12-14]. At present, clinical treatments for 
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TC patients are surgical resection, radioiodine, and systemic 
therapy according to different pathological types[9,15,16]. 
Therefore, if risk factors of TC progression could be precisely 
predicted, early intervention and targeted therapy might 
prevent the deterioration of TC, which would improve 
the prognosis of TC patients[17,18]. Recently, researchers 
have identified several signatures of prognostic values for 
TC patients and developed risk prediction models of TC 
progression to predict survival outcomes, classify patients by 
risk stratification, and guide treatments for TC[19-21].

This retrospective review discussed the previously 
reported signatures of TC, concluded three main strategies 
for signature construction related to TC prognosis, and 
summarized the methods of verifying signatures after 
integrated analysis.

2. Methods
2.1. Data collection and selection

To estimate previously reported prognostic signatures for 
TC, a total of 150 studies were obtained by searching the 
PubMed database with the keywords “prognostic signature 
AND thyroid cancer.” Prognostic signatures derived from 
these studies included four categories: mRNA signatures, 
non-coding RNAs (ncRNAs) signatures, genomic signatures, 
and signatures related to biological functions. Selection 
of studies was then conducted according to the consistent 
exclusion criteria listed below: (1) review; (2) not focused on 
TC; (3) not in English; (4) only one molecule mentioned; and 
(5) no prognostic signature constructed/no survival analysis 
mentioned. As a result, a total of 42 studies correlated with 
TC prognosis were included in the study (Figure 1).

2.2. Evaluation of signatures through meta-analysis

To evaluate the prognostic abilities of different signatures 
for TC, survival data from the training set were collected 
and summarized, including (1) survival curves and risk 
scores, (2) receiver operating characteristic (ROC) plots, 
(3) univariate and multivariate Cox regression analysis, and 
(4) nomogram analysis. To visually estimate the abilities 
of risk stratification of signatures for TC patients, values 
of hazard ratios (HR) and 95% confidence intervals (CI) 
were extracted from multivariate regression analysis data 
of these studies and described as a forest plot (Figure  2) 
using GraphPad Prism 8.0.2. As described, 28 prognostic 
signatures estimated by meta-analysis presented great 
prediction performance that most high-risk TC patients 
had poorer survival rates than low-risk patients (Figure 2).

3. Results
Comprehensive signature information for TC prognosis 
was described in Tables 1-4 and Figure 2. By screening, a 

total of 42 studies were collected (Figure 1), 45 prognostic 
signatures for TC were summarized, and data types include 
mRNA, miRNA, and lncRNA. These prognostic signatures 
were associated with overall survival (OS), disease-
free survival (DFS), recurrence-free survival (RFS), or 
progression-free interval (PFI) of TC patients. After 
analyzing and summarizing these signatures, we proceeded 
with the following works: (1) sorting out data sources and 
applications; (2) categorizing these prognostic signatures; 
(3) summarizing three main strategies for constructing 
signatures; (4) summing up the verification methods 
of signatures; (5) summarizing nomograms of these 
prognostic signatures; and (6) screening overrepresented 
prognostic genes.

3.1. Summary of the sources of data for signature 
construction

In general, for the establishment of prognostic signatures, 
the most pervasive source of data acquisition to download 
expression profiling and patients’ clinical information was 
from the TCGA or GEO database. Besides, some studies 
obtained data from some specific databases, for instance, 
the Human Autophagy Database (HADb)[22,23], the 
Immunology Database, and the Analysis Portal (ImmPort) 
database[24-26]. These databases were typically rich in 
genes and molecules associated with specific biological 
functions. In addition, some researchers obtained data 
from array or sequencing results of a certain number 
of qualified thyroid cancer and normal tissue samples 
derived from TC patients[21,27-33]. For instance, in addition 
to obtaining 165 transcriptome data and 125 PTC patients’ 
clinical data from the Nucleotide Archive database, Teng 
et al. also included 11 patients who had undergone total 
thyroidectomy in Beijing Cancer Hospital[21]. The data 
obtained from different approaches or platforms were not 
only the first step to constructing molecular signatures 
but also laid the foundation for researchers to carry out 
subsequent works.

3.2. Classification of prognostic signatures for TC

Derived from different data types, these signatures were 
divided into four categories. Signatures of 19 studies 
were identified by analyzing mRNA data[19,20,34-40] and 
ncRNA data involving long ncRNAs (lncRNAs)[33,41-43] and 
microRNAs (miRNAs)[29,44]. Signatures of 11 studies were 
associated with specific biological functions, including 
immune-related genes (IRGs)[24-26], autophagy-related 
genes (ARGs)[24-26], epithelial-mesenchymal transition 
(EMT)-related genes[45], RBPs-associated genes[30], and 
ferroptosis-related genes[27,31,46]. In addition, signatures 
of eight studies were related to mutation or methylation, 
including methylation-driven genes[47] and regulators[48,49]. 
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In recent years, many signatures have been established 
according to different research objectives and methods, 
including glucose metabolism[50], splicing events[51,52], gene 
mutations[53], and chromosomal alteration[54].

Occasionally, some studies contained two or more 
types of signatures. For instance, Li et al. constructed two 
prognostic signatures (Lnc2mi1m2 and Lnc5m4) which 
were capable of efficiently predicting the long-term OS 
of TC patients[55]. Wang et al. established three different 
types of signatures including a 6-mRNA-based classifier, 
a 5-lncRNA-based classifier, and a 4-miRNA-based 
classifier[56], to develop a comprehensive and reliable model 
for predicting the prognosis of TC patients. The predictive 
ability and accuracy of signatures might be improved by 
employing multiple types of prognosis signatures as well as 
constituting a network.

3.3. The strategies for signature construction

For diverse research objectives, based on different data 
sources and platforms, researchers usually preferred 
different research and analysis methods to construct 
prognostic labels. Through comprehensive analysis, three 

main strategies for constructing prognostic signatures for 
TC were summarized.

3.3.1. Strategy 1: Signatures based on differentially 
expressed genes

In strategy 1, signatures were mainly constructed through 
the following steps (Figure  3): (1) The selection and 
classification of research objects. Mostly, samples were 
selected as tumor tissues derived from TC patients and 
normal tissues derived from paracancerous tissues or 
other healthy people[29,40,44]. Ruiz et al. defined differentially 
expressed genes (DEGs) between N0 and N1 (N0 means 
no lymph node metastasis; N1 means primary lymph node 
metastasis) samples[20]. You et al. divided the data from 
TCGA into three groups: (i) Tumor and normal samples; 
(ii) PTC samples with or without lymph node metastasis; 
and (iii) PTC samples with stages 1 – 2 and stages 3 – 4[33]; 
(2) identification of differentially expressed mRNAs/
lncRNAs/miRNAs. By comparing the different sample 
groups mentioned above, most authors applied edgeR 
to identify differentially expressed mRNAs/lncRNAs/
miRNAs. Teng et al. used the Bioconductor package edgeR 

Figure 1. The flowchart of articles screening.
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to identify differentially expressed genes and lncRNAs in 
two independent cohorts[21]. Moreover, Wu et al. applied 
the LIMMA package[19]; (3) signature construction. As 
differentially expressed mRNAs/lncRNAs/miRNAs were 
identified, a series of analyses were applied to construct 
signatures, including lease absolute shrinkage and 
selection operator (lasso) regression, Cox regression, 
and functional enrichment analysis. Ruiz et al. employed 
a machine learning model with linear discriminant 
analysis (LDA) to construct a 25-gene signature of great 
predictive ability[20]. Wu et al. applied lasso regression 
analysis to identify DEGs significantly associated with 
PFI[19]. Li et al. performed univariate Cox regression 
analysis to obtain lncRNAs related to the survival of TC 
patients[41]; (4) signatures validation. Most researchers 
applied ROC curves to reflect the predictive capabilities 
of signatures[19,20,42]. Moreover, univariate and multivariate 
logistic regression analyses were also performed to validate 

the association between signatures and other clinical 
parameters[33,41,44]. Teng et al. used Kaplan-Meier survival 
analysis as well as univariate and multivariate regression 
analyses to assess the prognostic power of the gene 
signature and whether it was considered an independent 
prognostic factor[21]. The flow chart of strategy 1 is shown 
in Figure  3 and the summarized relevant information of 
signatures based on strategy 1 is presented in Table 1. For 
instance, Wu et al. constructed a gene signature using the 
method of DEGs screening mentioned in strategy 1[19]. 
First, by comparing the differences in expression profiling 
between 510 tumors and 58 normal samples, 295 DEGs 
including 137 downregulated and 158 upregulated genes 
were found by the LIMMA package. Second, the authors 
applied univariate Cox regression analysis to identify 50 
DEGs associated with PFI. The lasso regression model 
was then applied to develop a 5-gene prognostic signature 
(FXYD6, PLP2, FABP4, LYVE1, and TGFBR3). Finally, it is 

Figure 2. Evaluation of 28 prognostic signatures through meta-analysis. In the Forest plot, Qiuying Li, et al. 2017a means, the data of the multivariate Cox 
regression analysis were derived from the training set; Kun Wang, et al. 2020b means, HR (95% CI) was extracted from multivariate regression analysis of 
a 6-gene biomarker; and Kun Wang, et al. 2020c means, HR (95% CI) was extracted from multivariate analysis of a 5-lncRNA biomarker.
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essential to verify the prognostic effect of this signature. By 
calculating the risk score and determining the cutoff value, 
patients were divided into high-risk and low-risk groups. 
The survival curve showed a better prognosis in the low-
risk group than in the high-risk group. Furthermore, the 
area under the receiver operating characteristic (ROC) 
curve (AUC) and Harrell’s concordance index (C-index; 
0.7600) also demonstrated that this signature has a 
remarkable prognostic ability.

3.3.2. Strategy 2: Signatures related to specific 
biological functions

In strategy 2, these signatures were built based on 
biological functions. The process of constructing 
signatures was as follows: (1) Identification of differential 
expression genes/lncRNAs. Most authors downloaded 
available transcriptome data from various databases[22,23,30] 
or hospitals[27,32]; (2) identification of genes associated with 
specific biological functions, mainly containing immune-
related and autophagy-related genes, which were derived 
from the immunology database[24-26] and the Human 
Autophagy Database (HADb)[22,23], respectively. Moreover, 
gene functions associated with RNA-binding proteins[30], 
ferroptosis[27,31,46], EMT[45], and glycolysis[32] were all 
involved. The signatures related to different biological 
functions are illustrated in detail below; (3) integrate and 
analyze the molecules to obtain differentially expressed 
biological function-related genes or lncRNAs, followed 
by functional enrichment analyses being performed; and 
(4) establishment of prognostic signatures. To construct 
a prognostic gene signatures, studies based on strategy 
2 adopted the Cox proportion hazards regression model 
and introduced the risk score formula to stratify TC 
patients[22-27,30-32,45]; and (5) validation of signatures. 
Methods of verification included Kaplan-Meier survival 
curves, ROC curves, and univariate and multivariate Cox 
regression analyses[24-27,30-32,46]. The flow chart of strategy 
2 is shown in Figure  4 and the summarized relevant 
information of signatures based on strategy 2 is presented 
in Table 2.

According to strategy 2, several functional signatures 
associated with IRGs and ARGs were established[22-26]. 
Xue et al. developed a 5-immune-associated genes (IAGs) 
signature to predict TC progression for patients[26]. The 
construction strategy was described as follows: on the 
one hand, 509 TC and 58 normal samples were obtained 
from the TCGA database; on the other hand, a list of 
2498 IAGs was acquired from the Immunology Database 
(ImmPort). Eighty-two differentially expressed IAGs were 
then screened by an integrated analysis. After univariate, 
multivariate, and lasso regression analyses, a reliable 
5-IAGs signature was constructed, including CXCL5, Ta
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AZU1, NOD1, TNFRSF11B, and VGF. To verify the 
prognostic effect of this signature, samples were divided 
into high- and low-risk groups by risk score. The survival 
curve showed that the high-risk group presented a poor 
prognosis. The ROC curve also indicated the predictive 
power of this signature. Other immune-  or autophagy-
related studies also adopted similar signature construction 
methods.

In recent years, some studies manifested that ferroptosis 
could be linked to various types of cancers[57-60]. Thus, 
some researchers have explored the relationship between 
ferroptosis and thyroid cancer and constructed ferroptosis-
related signatures with high prognostic values[27,31,46]. By an 
integrated analysis of DEGs and ferroptosis-related genes, a 
5-gene prognostic signature was discovered, which consisted 
of DPP4, HMGCR, TFRC, PGD, and GSS[31]. Similarly, an 
8-gene signature containing GPX4, AKR1C1, SQLE, and 5 
aforementioned genes was constructed. Moreover, analysis 
of immune microenvironment and nomogram verification 
was performed to validate an 8-gene signature[27]. These 
two signatures (5-gene vs. 8-gene) exhibited different AUC 
values of ROC curves, indicating the difference in their 
predictive abilities. In addition, Lin et al. also constructed 
a ferroptosis-related 7-gene signature (Apoe, Acap3, Bcl3, 
Ac008063.2, Alox5ap, B2m, and Atxn2l) by comparatively 
analyzing two different PTC subtypes[46].

EMT has been regarded as an indicator in many types 
of tumors[61]. Li et al. screened 3 genes (ITGA2, FN1, 
and KIT) by analyzing the differentially expressed EMT-
related genes, thus a 3-gene signature associated with 
EMT was established for the prognosis of TC patients[45], 
as the survival curve illustrated that the high-risk group 
has a worse prognosis than the low-risk group. It has been 
reported that RNA-binding proteins (RBPs) play a critical 
role in the post-transcriptional regulation of RNA and thus 
may affect the occurrence and development of cancer[30]. 
By analyzing the differently expressed RBPs, combined 
with pathway and functional enrichment analyses, Ma 
et al. constructed a 6-gene prognostic signature (NUDT16, 
NUP153, IGF2BP2, MEX3A, USB1, and AZGP1), which 
may provide a novel strategy for the risk prediction of 
TC[30]. Using the similar methods described above, Xu et al. 
selected 6 glycolysis-related genes (POM121C, PPFIA4, 
FBP2, CHST6, STC1, and TGFBI) to set up a 6-gene 
prognostic signature[32]. The AUC value of this signature is 
0.929, indicating its reliable prognostic ability.

3.3.3. Strategy 3: Signatures associated with 
methylation

In recent years, epigenetic regulation has been found 
to be crucial for gene expression[62,63]. The importance Ta
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of methylation in the clinical prognosis of TC has been 
widely recognized[64,65]. In strategy 3, these studies 
included not only methylation-driven genes[47] but also 
regulators of methylation[48,49,66]. In particular, regulators 
of m6A RNA methylation were considered important 
risk predictors[48,49,66]. Through comprehensive analysis, 
the steps to build these signatures were as follows: 
(1) transcriptome, methylation data, and relevant clinical 
information were downloaded from databases, and 
samples contained both tumor and normal tissues; (2) the 
key methylation-driven genes or regulators of methylation 
were screened through various analyses; (3) signatures 
were constructed by function enrichment analyses[47,66]; 
and (4) Cox regression analysis, ROC, and survival curve 
were applied to verify the prognostic capabilities of these 
signatures. The flow chart of strategy 3 is shown in Figure 5 
and the summarized relevant information of strategy 3 is 
presented in Table 3.

In detail, based on methylation-driven genes, Lv 
et al. constructed a 4-gene signature composed of RDH5, 
BIRC7, TREM1, and SLC26A7[47]. Transcriptome data from 
567 samples and DNA methylation data from 570 samples 
were collected to screen 51 methylation-driven genes 
(46 hypermethylation and 5 hypomethylation) using 
“MethylMix” and “limma” R package. In addition, after Cox 
regression analysis, the methylation-driven gene signature 
was established and validated by the Kaplan-Meier survival 
curve, certifying that patients in the high-risk group 
presented a worse prognosis[47]. Besides, Xu et al., Hou 
et al., and Wang et al. also discovered that the m6A RNA 
methylation regulators have a high-risk evaluation potency. 
Xu et al. and Wang et al. constructed two signatures of 4 
RNA methylation regulators, respectively[48,66], whereas 
Hou et al. selected RBM15, FTO, and KIAA1429 to establish 
a 3-gene signature[49]. By comparing the differentially 
expressed m6A RNA methylation regulators, they selected 
13 RNA methylation regulators. Cox and lasso regression 
analyses were applied to assess the relationship between 
OS and these methylation regulators. Thus, this 3-gene 
signature was constructed and validated.

3.3.4. Other strategies

In addition to the three main aforementioned strategies, 
few studies adopted other strategies to identify 
signatures[50-54], and the summarized relevant information 
of these strategies is presented in Table 4.

3.3.4.1. Signatures related to glucose metabolism

Increasing evidence has demonstrated that glucose 
metabolism and glucose transporters (GLUTs) play 
essential roles in TC progression[67-70]. Suh et al. have studied 
glucose metabolism by constructing GLUT signature and 
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glycolysis signature[50] using microarray data of PDTC and 
ATC patients. The glycolysis and GLUT scores were then 

respectively estimated to define each signature, taking 
BRAFV600E mutation into account. Thus, K-M survival 
analysis showed that patients with high glycolysis or GLUT 
scores possessed a worse prognosis in PDTC/ATC[50].

3.3.4.2. Signatures related to alternative splicing events

As reported, splicing events significantly influence 
the occurrence of cancer[71-74]. Lin et al. obtained data 
from 496  patients with AS profiles derived from TCGA 
SpliceSeq and clinical data. Lasso regression analysis was 
performed to develop seven types (alternate acceptor site 
[AA], alternate promoter [AP], alternate terminator [AT], 
alternate donor site [AD], exon skip [ES], retained intron 
[RI], and mutually exclusive exons [ME]) of splicing events. 
Moreover, 20 alternative splicing (AS) events were screened 
to recognize the most significant prognostic signature. This 
signature was then verified as an independent predictor 
by the ROC curve (AUC value is 0.843) and multivariate 
analysis[52]. Furthermore, Han et al. have also concerned 
with the pivotal role of the alternative splicing events in 
TC prognosis and built a prediction model including 
AA, ES, AD, ME, and AT events with accurate prognostic 
efficacy[51], indicating that the prognosis effect of alternative 
splicing events on TC was a promising research subject.

3.3.4.3. Signatures correlated with genetic alterations

Recently, prognostic biomarkers with genetic alterations in 
various tumors have become a research focus[75]. Gandolfi 
et al. constructed a genetic alteration-related signature that 
consisted of three genetic variables[54]. The first step of their 
study was the acquisition of clinical data on PTC patients. 
A  series of analyses of the genetic profiles were then 
conducted in distant metastasis (DM) PTCs and control 
samples to obtain the differential alterations between 
DMs and controls. As a result, three genetic variables 
including duplication of Chr1q, duplication of Chr5p 
harboring TERT locus, and mutations in TERT promoter 
displayed strong relevance with distant metastasis. Hence, 
a distinctive signature integrated with three genetic 
features was identified as Thyroid TERT Chr1q (THYT1). 
K-M survival analysis was then performed to assess the 
association of the THYT1 signature with the progression 
of distant metastasis. Furthermore, through the univariate 
and multivariate Cox models, the THYT1 signature was 
demonstrated to be an independent risk factor that was 
capable of predicting the aggressiveness in PTCs.

3.3.4.4. Signatures constructed with genetic mutation

Genetic mutation is a quite common phenomenon in 
TC[76,77]. Han et al. downloaded mutation data from 
487  samples, and expression profiling data from 502 
PTC and 58 normal samples. These samples were then 

Figure  4. The flow chart of strategy 2: Signatures based on DEGs 
with specific biological functions. Verification of biomarker* means 
the validation methods include survival curve, ROC curve, and Cox 
regression analysis.

Figure 3. The flow chart of strategy 1: Signatures based on differentially 
expressed mRNAs/lncRNAs/miRNAs
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divided into the BRAFWT group and the BRAFV600E 
group according to the mutation information to identify 
DEGs. Furthermore, weighted correlation network 
analysis (WGCNA) function or pathway enrichment, and 
correlation analysis was used to construct a co-expression 
network. In general, 8 BRAFV600E-associated prognostic 
biomarkers (FN1, MET, SLC34A2, NGEF, TBC1D2, 
PLCD3, PROS1, and NECTIN4) were discovered, which 
could be considered as targets for TC treatment[53].

3.4. The verification methods of signatures

In this review, the methods of constructing prognostic 
signatures were summarized. It is noteworthy that the 
validation effects of the constructed signatures could 
reflect the potential of prognostic signatures for clinical 
application. Through retrospective investigation and 
integrated analysis, we found that the verification methods 
described in this review were often closely related to the 
application of data acquisition and the process of signature 
construction. Therefore, according to the application of 

data, we divided the main validation methods into two 
categories: internal validation and external validation.

Data used to construct a signature were classified into 
three main types: the whole dataset, the training set, and 
the testing set. According to the research purpose, the 
verification methods of signatures include the following 
three categories: (1) the validation methods of prognostic 
signatures were performed in the whole dataset without 
distinguishing training and testing set[34,42,47,78]; (2) the 
process of validation was conducted in the training set 
and testing set, respectively[26,28,41]; and (3) distinguish 
among the entire dataset, training set, and testing set, and 
validate signatures in all three datasets[44,66]. In terms of 
specific verification methods, most researchers adopted 
common aforementioned validation approaches, including 
Kaplan-Meier survival, ROC curve, and univariate and 
multivariate Cox regression analyses. The main methods 
of internal validation were summarized above.

A common approach to conducting external validation 
was to employ hospital data sources as the validation 

Figure 5. The flow chart of strategy 3: Signatures based on methylation-related molecules. CoxPH model* means the univariate and multivariate Cox 
proportional hazards regression analysis. DEmethylation, differentially expressed methylation.
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cohort. For instance, the internal validation was 
performed using transcriptome and clinical data of PTC 
patients derived from the Nucleotide Archive database, 
and the external validation was employed by inducing 
11  patients who had undergone total thyroidectomy in 
Beijing Cancer Hospital[21]. In addition, Liu et al. and Lv 
et al. acquired the patients’ data from the hospitals and 
performed further validation in the regulation of each 
molecule of the signature[29,47]. In addition to statistical 
validation methods, some studies also used experimental 
validation methods such as immunohistochemistry (IHC) 
and quantitative real-time polymerase chain reaction 
(qRT-PCR). As effective external validation methods, 
IHC and qRT-PCR were used to verify the differential 
expression of the biomarkers during the construction and 
validation of signatures[25,29,31,33,45,79]. As common methods 
of experimental verification, both of them could further 
verify the expression level of molecules in prognostic tags, 
making the signatures more convincing.

3.5. Nomogram based on prognostic signatures for TC

To demonstrate the prognostic abilities of signatures, some 
studies predicted the risk of various outcome variables 

of TC by constructing the risk assessment models: 
nomograms[19,27,36,38,56,78].

Nowadays, nomogram can be widely used for combining 
diagnosis with multiple indexes and also predict the 
recurrence and progression of many carcinomas, including 
PFI[19,38,56], RFS[78], DFS[36], and OS[27] for DTC, PTC, or TC 
patients. Based on the prognostic signature established 
by the multivariate regression hazard model and some 
relative clinical parameters, the nomogram could be 
developed. The assessment indexes including the C-index, 
AUC of ROC, and the calibration plots could evaluate the 
performance of the nomogram[19,36,38,78]. For instance, Pan 
et al. screened 5 genes to establish a prognostic signature 
and then validated its prognostic value for clinical 
applications. In addition, a nomogram of predicting 
DFS of PTC patients was constructed with a C-index of 
0.797  (95% CI, 0.730–0.864), and AUCs for 1-, 3-, and 
5-year DFS were 0.763, 0.777, and 0.755, respectively[36]. 
Chen et al. identified a DNA-methylated signature that 
has a good performance for RFS of PTC and then based 
on the risk score and multivariate regression model, a 
nomogram utilized in the clinic was constructed[78]. Wang 

Table 5. Nomograms constructed for prognostic signatures of TC patients

Author Signatures 
type

Pathological 
type

Survival 
event

Nomogram validation methods References

AUCs of the ROC 
curve (95% CI)

Harrell’s 
concordance 
index (95% CI)

P‑value 
of K‑M 
analysis

Calibration 
plot

Ruchong Pan, 
et al., 2021

mRNA DTC DFS AUCs for 1‑, 3‑, and 
5‑year DFS: 0.763, 
0.777, and 0.755

0.797 (95% CI, 
0.730 – 0.864)

Yes Ruchong 
et al., 2021[36]

Zhiwei Chen, 
et al., 2021

mRNA TC OS Yes Chen 
et al., 2021[79]

Mingqin Ge, 
et al., 2021

mRNA TC OS Yes Ge 
et al., 2021[27]

Mengwei Wu, 
et al., 2020

mRNA PTC PFI The AUCs for the 1‑, 
3‑, and 5‑year PFI: 
0.855 (95% CI, 0.779 
– 0.932), 0.799 (95% 
CI, 0.722 – 0.877), 
and 0.812 (95% CI, 
0.718 – 0.907)

0.790 (95% CI, 
0.652 – 0.927)

P<0.0001 Yes Wu 
et al., 2020[38]

Mengwei Wu, 
et al., 2019

mRNA PTC PFI The AUCs for the 1‑, 
3‑, and 5‑year PFI: 
0.7480, 0.7550, and 
0.7627

0.7600 (95% CI, 
0.6759 – 0.8440)

P<0.0001 Yes Wu 
et al., 2019[19]

Kun Wang, 
et al., 2020

mRNA/
lncRNA

PTC PFI 0.792 (95% CI, 
0.716 – 0.867)

Yes Wang 
et al., 2020[56]

Hengyu Chen, 
et al., 2020

DNA 
methylation 

PTC RFS The AUCs for 1‑, 
3‑, and 5‑year RFS: 
0.850, 0.783, and 
0.800

0.796 (95% CI, 
0.704 – 0.888)

Yes Chen
et al., 2020[78]

Abbreviations: PFI: Progression‑free intervals; DFS: Disease‑free survival; RFS: Recurrence‑free survival; OS: Overall survival
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et al. built a nomogram based on the verified prognostic 
signatures and multivariate Cox proportional model. 
The C-indexes for measuring discrimination and the 
calibration plots for assessing accuracy were then used for 
verification of the nomogram model[56]. The elaborated 
summary of nomograms is shown in Table 5. Some studies 
also developed nomograms for prognostic assessment and 
clinical applications for TC patients[25,30,34,66].

3.6. Genes overrepresented in prognostic signatures

Through collation and summary, we found 18 genes that 
appeared repeatedly in previously reported prognostic 

signatures. These repeatedly appeared genes were involved 
in a wide range of biological functions, including immune-
related genes[24,25], autophagy-related genes[22], m6A RNA 
methylation regulators[48,49,66], EMT-related genes[45], 
and ferroptosis-related genes[27,31], playing pivotal roles 
in mediating the elaborate process and mechanism of 
TC progression. The repetitions indicated that these 
genes would be closely related to the occurrence and 
development of TC, and also revealed that they might 
have more robust prognostic abilities of TC patients. The 
detailed information and data derived from studies are 
presented in Table 6.

Table 6. Repeatedly appeared prognostic genes of signatures were summarized

Name Full Name Frequency Biological function References

CDKN2A Cyclin Dependent Kinase Inhibitor 
2A

2 Cell circle regulation Hu et al., 2020[22]

Wu et al., 2020[38]

FXYD6 FXYD Domain Containing Ion 
Transport Regulator 6

2 Ion channel regulation and 
transmembrane transport

Wu et al., 2019[19]

Wu et al., 2020[38]

CTGF Connective Tissue Growth Factor 2 Promotion of proliferation and 
differentiation

Lin et al., 2019[24]

Ren et al., 2021[35]

IGF2BP2 Recombinant Insulin Like Growth 
Factor 2 mRNA Binding Protein 2

2 RNA binding and translation regulation Wang et al., 2020[66]

Ma et al., 2021[30]

FTO Alpha‑ketoglutarate‑dependent 
dioxygenase FTO

2 Mediation of different RNA oxidative 
demethylation

Hou et al., 2020[49]

Lin et al., 2021[46]

RBM15 RNA‑Binding Protein 15 2 Mediation of m6A RNA methylation Hou et al., 2020[49]

Lin et al., 2021[46]

KIAA1429 Vir Like M6A Methyltransferase 
Associated

2 Regulation of m6A methylation and 
modification of RNA processing

Hou et al., 2020[49]

Lin et al., 2021[46]

AKR1C1 Aldo‑Keto Reductase Family 1 
Member C1

2 Regulation of hormone metabolism and 
catalytic reduction

Ge et al., 2021[27]

Huang et al., 2021[34]

FN1 Fibronectin 1 2 Cell adhesion and the binding of 
compounds

Li et al., 2021[27]

Ruchong et al., 2021[36]

FAM3B FAM3 Metabolism Regulating 
Signaling Molecule B

2 Cell apoptosis induction Lin et al., 2019[24]

Qin et al., 2021[25]

TGFBR3 Transforming Growth Factor Beta 
Receptor 3

2 TGF‑beta bind and capture Wu et al., 2019[19]

Qin et al., 2021[25]

HMGCR 3‑Hydroxy‑3‑Methylglutaryl‑CoA 
Reductase

2 Cellular cholesterol homeostasis 
maintaining

Ge et al., 2021[27]

Qian et al., 2021[31]

GSS Glutathione Synthetase 2 Glutathione biosynthesis Ge et al., 2021[27]

Qian et al., 2021[31]

TFRC Transferrin Receptor 2 Mediation of the cellular uptake of iron Ge et al., 2021[27]

Qian et al., 2021[31]

DPP4 Dipeptidyl Peptidase 4 2 T‑cell coactivation regulation Ge et al., 2021[27]

Qian et al., 2021[31]

PGD Phosphogluconate Dehydrogenase 2 Catalysis of 6‑phosphogluconate 
oxidative decarboxylation

Ge et al., 2021[27]

Qian et al., 2021[31]

ADRA1B Adrenoceptor Alpha 1B 2 Association with G proteins Zhong et al., 2020[40]

Xu et al., 2021[39]

PCOLCE2 Procollagen C‑Endopeptidase 
Enhancer 2

2 C‑terminal propeptide bind Zhong et al., 2020[40]

Xu et al., 2021[39]

Abbreviations: lncRNA: Long non‑coding RNA; m6A: N6‑methyladenosine
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4. Discussion
In the present review, we conducted a systematic review 
and an integrated analysis of previously reported prognostic 
signatures for TC. By comprehensive analysis, we summed 
up the construction processes of prognostic signatures 
for TC, classified the reported prognostic signatures, and 
summarized three main strategies for signature construction.

In particular, strategy 1 mainly focused on DEGs; strategy 
2 confined the scope of signatures to specific biological 
functions, such as immune-related and ferroptosis-related 
genes[22,25,26,80], making these signatures more targeted to 
TC treatment; and strategy 3 mainly focused on epigenetic 
methylation, providing a new research direction for the 
prognosis of TC patients[47-49]. Among these, strategy 1 is 
the most extensive and common method of prognostic 
signature establishment. In addition to common types of 
prognostic signatures, plenty of signatures in the forms 
of ncRNAs, carbohydrate metabolism, and alternative 
splicing were explored as indicators of risk assessment[64,81].

To summarize, this review provides a comprehensive 
understanding, systematic summary, and integrated 
analysis of prognostic signatures for TC, which may help 
researchers further understand cancer progression and 
predict the recurrence risk of TC to improve the life quality 
of TC patients.
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Abstract
Diabetes is a silent killer and a metabolic syndrome characterized by hyperglycemia 
that has been exponentially increasing in recent years. There is a need to develop 
therapeutic agents to control hyperglycemia and its secondary complications as well 
as protect and revive beta cells in diabetic patients. The target for first-line diabetes 
treatment is the adenosine monophosphate protein kinase (AMPK), which participates 
in cellular energy metabolism through phosphorylation of metabolic enzymes and 
transcription regulators. This study examined the drug-related properties as well as 
lead preparation of Catharanthus roseus alkaloids and testing molecular interaction 
at the AMPK targets to confirm their anti-diabetic effect. A control drug metformin 
and a library of 85 molecules of C. roseus alkaloids were crossed with the ADMET 
test, followed by the investigation of molecular interaction tested on AMPK1 and 
AMPK2 targets through an in silico docking process. Vindolinine (CID: 24148538), 
vindoline (CID: 425978), (+)-vindorosine (CID: 261578), Cr-1 (CID: 5315746), and Cr-2 
(CID: 59908094) had passed the ADMET test. Molecular interaction of the tested 
C. roseus alkaloids on AMPK1 and AMPK2 targets had potential energy that varied 
from −7.4 to −5.3 kcal/mol, whereas binding energies of −4.0 kcal/mol for AMPK1-
metformin interaction and −4.2 kcal/mol for AMPK2-metformin interaction were 
observed. The tested C. roseus alkaloids were shown to be more potent activators of 
AMPK than the control drug. All five biomolecules of C. roseus acted as modulators 
that have the potential to stimulate AMPK, reduce glucose production, and increase 
glucose utilization in hepatocytes. In addition, they diminished insulin resistance and 
secondary complications of diabetes by inhibiting acetyl-CoA carboxylase, regulating 
cholesterol levels and macrophage, and reviving beta cells in Type 2 diabetes. These 
results provided the foundation for developing new multi-disease-targeting drugs 
that can treat diabetes, obesity, cardiovascular disease, cancer, and other diseases by 
the stimulation of AMPK1 and AMPK2 targets.
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1. Introduction
Diabetes mellitus is a disorder of metabolism and is 
characterized by hyperglycemia in which impaired 
carbohydrate, fat, and protein metabolism takes place due 
to insulin deficiency or insulin resistance[1,2]. The increased 
plasma glucose promotes glucotoxicity which leads to 
tissue injury, sclerosis of glomerular capillaries, retinopathy 
and blindness, neuropathy and peripheral vascular 
insufficiency, gangrene of limbs, and other pathological 
changes and secondary complications in multiple organ 
systems such as hypertension, vascular complications, early 
atherosclerosis, and heart attack[1-3]. The onset of diabetes 
cases is increasing and doubling every decade. The cases 
have been magnified from 30 million to 463 million from 
1985 to 2019 and may become 578 million and 700 million 
by 2030 and 2045, respectively[3,4]. Diabetes is the second 
most common disease in India, where approximately 
1 million diabetic cases are found in Jharkhand[5]. This 
disease is the ninth major cause of death worldwide, and the 
international expenses on diabetes and related health were 
11% in 2013[3], and about 12% (> $550 billion) in 2019[6,7]. 
Diabetes mellitus is broadly categorized into two groups: 
Type I (5% of the diabetic population, genetic origin) and 
Type II (95% of the diabetic population). The majority of 
prevalent cases are related to Type  II diabetes caused by 
environmental factors instead of genetic background[4,8].

Adenosine monophosphate protein kinase (AMPK) 
stimulation has a significant role in cellular energy 
homeostasis or metabolism. The target is present in 
several tissues including the liver, brain, cardiac muscle, 
and skeletal muscle[1,9]. AMPK is a member of the serine/
threonine protein kinase family and is turned on by the 
stimuli that raise the cellular AMP:  ATP ratio. AMPK is 
a heterotrimeric protein (αβγ). Its catalytic alpha subunit 
has two isoforms alpha-1 and alpha-2 which control 
the actions of several vital metabolic enzymes through 
phosphorylation[10,11]. Alpha-1 isoform of AMPK (AMPK1) 
plays an important role in safeguarding cells from stresses 
that bring out ATP depletion by turning off ATP-consuming 
biosynthetic pathways, regulating insulin release[12,13], 
immune-suppression, differentiation of myeloid-derived 
suppressor cells (MDSC)[14], prohibiting skeletal muscle 
hypertrophy[15], regulation of mTOR signaling pathway, 
and macrophage proliferation[16]. Alpha-2 isoform of 
AMPK (AMPK2) has a role in the invigilation of cellular 
energy status, regulates insulin sensitivity, recycling of 
insulin receptors, phosphorylation of metabolic enzymes, 
deactivates acetyl-CoA carboxylase (ACC) and beta-
hydroxyl beta-methylglutaryl-CoA reductase (HMGCR) 
enzymes[17], control the biosynthesis of fatty acid and 
cholesterol, sustain myocardial energy homeostasis 

during ischemia insulin secretion[18], and transcriptional 
activation of preproinsulin gene[13]. Food-starved cells 
activate AMPK with sugar and the activated target 
promotes glucose uptake by modulating insulin secretion 
and decreasing hepatic gluconeogenesis[1]. Metformin 
(N,N-dimethyl biguanide) is an oral antihyperglycemic 
drug that stimulates AMPK[19,20], despite having side effects 
like late assimilation of hexoses (e.g., glucose), amino acids 
(AA), and intestinal absorption of vitamin B12, abdominal 
pain, vomiting, malnourishment, swelling, mild diarrhea, 
and metallic taste, as well as tiredness[21].

Plants have a large number of biomolecules having a 
broad range of structure variation and medicative actions 
with no or fewer side effects and toxicity in comparison to 
synthetic drugs, and the ability to care for a wide variety of 
illnesses and infections[7,22,23]. Literature reported about 1200 
plants and their components having antihyperglycemic 
properties[24-26]. Catharanthus roseus, formerly known as 
Vinca rosea, commonly known as Madagascar periwinkle 
and sadabahar in India, belongs to the Apocynaceae family 
and has antitumor, antimicrobial, and antihyperglycemic 
effects due to the presence of a large number of secondary 
metabolites (eg; alkaloids, phenols, etc.). C. roseus alkaloids 
can reduce blood glucose levels and glucotoxicity-induced 
secondary complications[27-34]. The pharmacodynamics of 
C. roseus alkaloids at the molecular level is still unexplored. 
Hence, this study aimed to address the AMPK1/2 targets 
and C. roseus alkaloids interaction concerning control 
through an in silico method. The exploration of the 
appropriate structure of ligands and the mechanism of 
action provided evidence of whether the compounds 
interact with the target and are able to reduce high blood 
sugar levels better than metformin. Further wet lab and 
clinical validations (animal and human trials) will be 
performed to examine the effectiveness and potency of 
individual C. roseus alkaloids in natural conditions against 
Type II diabetes and other linked diseases. 

2. Methodology
2.1. Drug target selection

With the help of the literature and human model criteria, 
AMPK (UniProt ID: Q13131, P54646) was chosen and 
unloaded from UniProt[17]. SWISS-MODEL servers were 
used for homology modeling of proteins[35].

2.2. Detection of physiochemical properties of the 
target protein

Online software ProtParam was used for target protein 
sequence analysis and its physical and chemical parameters 
determination[36]. The self-optimized prediction method 
(SOPMA) was used for the prediction of secondary structures 
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of proteins[37]. The target protein nature was determined by 
the SOSUI (engine ver. 1.11) server[38]. The SWISS-MODEL 
server website was used for downloading a protein crystal 
three-dimensional (3D) structure[35]. SWISS-MODEL 
is a comparison modeling assistant processor and was 
applied to overlap proteins to assume its structural 
sequence or arrangement, sequence identity, coverage, 
model quality estimation (QMEAN SCORES), process, 
and resolution facts of the target protein. Ramachandran 
Z-score and Ramachandran plot ZLab server were used to 
determine protein structure along with phi-psi background 
probabilities[39]. CASTp 3.0 software was used to identify 
active sites and functional domains of targets[40].

2.3. Target protein preparation

Swiss-Pdb Viewer (aka Deep View) version 4.1.1 was applied 
to reduce the target protein’s energy[41]. UCSF Chimera tool 
is an extensible molecular modeling system and was used 
for the addition of hydrogen and charges, to adjust atomic-
subatomic torsion, degree of free will/freedom and stereo-
chemical difference, and Gasteiger charges[42]. Auto Dock 
Vina and Chimera were used for grid preparation with 
20 Å × 20 Å × 20 Å grid dimensions[43], and the X, Y, and Z 
coordinates of the grid box were −76.407, −36.793, 13.714 
for AMPK1, respectively, and −36.303, −82.337, −22.555 
for AMPK2, respectively[40].

2.4. The ligand library preparation

An extensive literature survey related to C. roseus 
revealed its major antihyperglycemic properties related to 
alkaloids[29,30,44]. The PubChem database was used to search 
for alkaloid structure and control drug metformin. Eighty-
five compounds were selected from the database to prepare 
a library and metformin (CID: 4091) as a control drug. 
Followed by SDF, files were converted and saved in PDB 
files by online software, Open Babel[45].

2.5. Absorption, distribution, metabolism, 
excretion, and toxicity test

Absorption and assimilation through the mouth and 
digestive tract, distribution, metabolism, excretion, 
and toxicity (ADMET) test reveal the pharmacokinetic 
properties of compounds, that is, what the body does with 
compounds. The application programs OSIRIS Property 
Explorer and DruLiTo software were used to test the 
ADMET property of all library compounds[46,47]. According 
to the drug-likeness rules, the log S value estimates solubility 
whereas the cLogP value tells about the Lipinski rule, total 
polar surface area (TPSA), molecular mass, drug’s likeness 
properties (functional portion of ligand), and drug score. 
The pharmacodynamics activities of a compound (what the 
drug does in the body) are predicted by the bioavailability 

of a ligand at the target region, chances of passage of the 
blood-brain barrier, toxicity, malignancy, etc.

2.6. Leads groundwork for docking

Avogadro 1.2.on-win 32 was applied for force field and 
geometry maximization of ligand[48]. Hydrogen and charge 
were then added with the help of The UCSF Chimera 
tool[42]. Torsion or tortuosities and level of freedom, 
followed by stereo-chemical distinction of ligands, were 
accustomed, Gasteiger charges were considered, and the 
PDB file was saved.

2.7. Examination of target-lead interaction/docking 
studies

The finally prepared PDB file of the target protein and 
lead was opened in the UCSF Chimera tool. The Vina tool 
was used to calculate the potential energy of the docked 
compound and the file was saved in PDBQT format. 
BIOVIA Discovery Studio Visualizer 4.5 was used to 
visualize target-ligand interactions[49]. With the help of the 
Discovery studio bonds detail, two-dimensional (2D) and 
3D complex structures were analyzed.

3. Results
3.1. Target protein examination

To prepare a strong and stable model of the target protein, 
the selected targets and their properties were examined 
critically. 5’-AMPK protein was selected as a target, and 
its catalytic subunits AMPK1 and AMPK2 sequence and 
active site were taken from and analyzed by UniProt site 
(Table  1). AMPK1 is a globular protein with an enzyme 
commission number (EC) of 2.7.11.1[38], whereas AMPK2 is 
a transmembrane protein with an EC number of 2.7.11.1[50].

The online tool ProtPram was used for AMPK1 and AMPK2 
sequence analysis and their physicochemical properties 
identification (Table 1). ProtPram grand average of 
hydropathicity (GRAVY) value indicates the globular (<0 for 
hydrophilic protein) or membranous (>0 for hydrophobic 
protein) nature of the protein. The value for AMPK1 GRAVY 
was −0.461, whereas the value for AMPK2 GRAVY was 
−0.295. The SOPMA tool was used to know about the target 
proteins’ secondary structures (Table 2). AMPK1 has more 
α-helixes but fewer β turns and random coil than AMPK2. 
The soluble (AMPK1) and transmembrane (AMPK2) nature 
of the target was identified by SOSUI prediction, software 
details are given in Table 3.

The soluble (AMPK1) and transmembrane (AMPK2) 
nature of the target was identified by SOSUI prediction, 
software details are given in Table 3. Followed by validation 
of the target protein was done by the Ramachandran 
plot, which shows phi (φ) and psi (ψ) angle and protein 
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backbone confirmation, and Ramachandran Z score 
(−3 to +3) supporting good quality protein backbone 
confirmation (Table  4). AMPK1 (Template-4rer.1.A) and 
AMPK2 (Template-7myj.2.A) have > 95% highly preferred 
region and the Z-score value lies between −3.6 and −2.1. 
Hence, it was predicted that the selected target protein has 
a good backbone. QMEAN scores (represents the degree of 
nativeness of protein) for AMPK1 are 0.68 ± 0.05 and for 
AMPK2 0.73 ± 0.05 (Table 5). Greater than 0.6 QMEAN 
scores for the model protein indicated good quality/more 
nativeness of protein, thus, the selected target can be used 
for model preparation.

The active site, surface features, and functional region 
of the target protein were identified by CASTp, an online 
tool, and it shows the occurrence of basic, acidic, and 
neutral types of amino acids in the active site. From the 
catalytic site amino acids, residues Arg199 for AMPK1 and 
Glu264 for AMPK2 were selected based on lesser binding 
energy among 5 random selections.

3.2. Examination of ligand library and lead 
identification

From the PubChem database[50], the SDF file containing 
the structure and details of C. roseus alkaloids and related 

Table 1. Physiochemical property of target proteins (UniProt and ProtParam value)

Protein UniProt/PubMed ID Length 
(AA)

Molecular 
weight

pI Instability 
index

Aliphatic 
index (AI)

GRAVY Extinction coefficients 
(M‑1 cm‑1, at 280 nm)

T1/2

AMPK1 AAPK1_HUMAN/Q13131 559 AA 64 kDa 8.32 49.44 84.03 −0.461 60,905 30 h

AMPK2 AAPK2_HUMAN/P54646 552 AA 62 kDa 7.65 49.20 85.11 −0.295 53,290 30 h

Abbreviations: AA: Amino acid; pI: Isoelectric point; GRAVY: Grand average of hydropathicity; T1/2: Estimated half‑life (mammalian reticulocytes, in vitro)

Table 2. Secondary structure detail of target protein (SOPMA result)

Proteins Length 
(AA)

α‑helix 
(Hh)

310 helix 
(Gg)

π‑helix 
(Ii)

β‑bridge 
(Bb)

Extended 
strand (Ee)

β‑turn 
(Tt)

Bend 
region (Ss)

Random 
coil (Cc)

Ambiguous 
states

Other 
states

AMPK1 559 AA 30.95% 0.00% 0.00% 0.00% 17.35% 6.80% 0.00% 44.90% 0.00% 0.00%

AMPK2 552 AA 27.72% 0.00% 0.00% 0.00% 17.39% 8.15% 0.00% 46.74% 0.00% 0.00%

Abbreviation: SOPMA: Self‑optimized prediction method

Table 3. Nature of target protein based on SOSUI prediction

Receptor Protein nature No Region Transmembrane sequence Type

AMPK1 Soluble protein

AMPK2 Membrane Protein 1 6–28 KVLLGLLGAAALVTIITVPVVLL Primary

Table 4. Ramachandran Z‑score and Ramachandran plot of target proteins

S. No. Receptor Ramachandran 
Z‑score

Ramachandran plot

1 AMPK1 
(Template: 4rer. 1.A)

−3.583 Highly preferred observations (Green Crosses) 463 (95.859%)

Preferred observations (Brown Triangles) 16 (3.313%)

Questionable observations (Red Circles) 4 (0.828%)

2 AMPK2 
(Template: 7myj. 2.A)

−2.135 Highly preferred observations (Green Crosses) 464 (96.667%)

Preferred observations (Brown Triangles) 12 (2.500%)

Questionable observations (Red Circles) 4 (0.833%)

Note: The Ramachandran Z‑score showed how normal a model is as compared to the reference, a score of±3 indicated good protein backbone 
confirmation.
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structures was downloaded and a total of 85 ligands were 
examined for ADMET testout and drug-likeness features. 
The qualified ligands and control compound details 
are shown in Table  6 and they were then used for lead 
preparation and docking study.

3.3. ADMET and drug-likeness calculation of ligands

Some online tools were used for the drug-likeness 
predictions. Out of 85 ligands, only five ligands, 
vindoline (CID: 425978), vindolinine (CID: 24148538), 
(+)-vindorosine (CID: 261578), Cr-1 (CID: 5315746), 
and Cr-2 (CID: 59908094) were qualified in the toxicity 
test (mutagenic, carcinogenic, irritation, and reproductive 
properties). The high, medium, and no-risk zones were 
shown in red, yellow, and green colors, respectively. The 
no-risk zone shows that the qualified biomolecules have 
low or non-toxic effects. The OSIRIS Property Explorer 
estimated values and DruLiTo software customized values 
details are presented in Table 7. The data indicated that the 
biomolecules have drug-like properties.

3.4. Molecular docking investigation

3.4.1. AMPK1 targets interaction with lead and control

Intermolecular interaction between metformin (control) 
and AMPK1 target has been confirmed by their docked 
poses (Figure 1) and had a binding affinity of -4 kcal/mol 
(see Table 8). Figure 1A shows the interaction between chain 
A of AMPK1, pocket residue ARG199, and the control drug 
metformin. The complex is formed between them with 

interactions of two conventional H-bonds of length 2.45 Å 
and 2.20 Å with Leu200; six attractive charge interactions 
with Glu205 and Glu194 at lengths of 5.57 Å, 4.27 Å, 
3.95 Å, 3.06 Å, 4.79 Å, and 2.96 Å; a salt bridge of 1.84 Å 
with Glu205 residue; Phe180 of target forms two π-cation 
interactions of 4.16 Å and 4.91 Å; and an unfavorable donor-
donor interaction of 2.55 Å with Ala202 (Table S1).

Figure  1B presents the binding of vindolinine (CID: 
24148538) through the selected pocket site (residue 
Arg199) of AMPK1 chain A through non-covalent 
interactions and had a binding affinity of −7.4 kcal/mol 
(Table  8). In between the target and the lead, there are 
three conventional H-bond interactions with Arg182 
and Leu462 of 2.66 Å, 3.08 Å, and 2.20 Å; two π-alkyl 
interactions with Leu462 and Tyr463 of 5.39 Å and 5.14 
Å, respectively; one π-π stacked interaction with Tyr441 of 
4.13 Å; and an unfavorable positive-positive interaction of 
3.97 Å with Arg182 (Table S1).

Figure 1C shows the attachment of the lead vindoline 
(CID: 425978) with the active site of AMPK1 with non-
covalent interactions and having a binding affinity 
of −6.3 kcal/mol. Their docking pose displays the presence 
of strong intermolecular interactions where Leu462 and 
Arg182 residues of the target form two conventional 
H-bond interactions of 2.31 Å and 2.30 Å, respectively; 
Gly198 and Gln461 residues form three carbon H-bond 
interactions of 3.62 Å, 3.59 Å, and 3.56 Å; Leu200 residue 
forms an alkyl interaction of 5.20 Å; and Tyr463 of AMPK1 

Table 5. QMEAN scores for the model protein generated using the SWISS‑MODEL server

Receptor Template Model quality estimation (QMEAN scores) Sequence identity Coverage Method Resolution

AMPK 1 4rer. 1.A 0.68±0.05 99.07 0.97 X‑ray 4.05Å

AMPK 2 7myj. 2.A 0.73±0.05 99.82 1.00 X‑ray 2.95Å

Note: QMEAN scores referred to the degree of nativeness of protein, a score of>0.6 indicated good quality model protein.

Table 6. Ligands selected for lead preparation

Ligand PubChem CID IUPAC name Molecular weight 
(g/mol)

Vindolinine CID: 24148538 Methyl (1R,9R,10R,12R,19S,20R)‑20‑methyl‑8,16‑diazahexacyclo 
[10.6.1.19,12.01,9.02,7.016,19] icosa‑2,4,6,13‑tetraene‑10‑carboxylate

336.4

Vindoline CID: 425978 Methyl 11‑acetyloxy‑12‑ethyl‑10‑hydroxy‑5‑methoxy‑8‑methyl‑8,16 diazapentacyclo 
[10.6.1.01,9.02,7.016,19] nonadeca‑2 (7),3,5,13‑tetraene‑10‑carboxylate

456.5

(+)‑Vindorosine CID: 261578 1H‑Indolizino (8,1‑cd) carbazole‑5‑carboxylic acid, 3a‑ethyl‑3a, 4,5,5a, 
6,11,12,13a‑octahydro‑4,5‑dihydroxy‑6‑methyl‑, methyl ester, 4‑acetate

426.5

CR‑1 CID: 5315746 Methyl 12‑ethyl‑10,11‑dihydroxy‑8‑methyl‑8,16‑diazapentacyclo 
[10.6.1.01,9.02,7.016,19] nonadeca‑2,4,6,13‑tetraene‑10‑carboxylate

384.5

CR‑2 CID: 59908094 (4‑Tert‑butyl‑12‑ethyl‑10‑formyl‑10‑hydroxy‑5‑methoxy‑8‑methyl‑8, 
16‑diazapentacyclo [10.6.1.01,9.02,7.016,19] nonadeca‑2,4,6,13‑tetraen‑11‑yl) acetate

482.6

Metformin CID: 4091 3‑(diaminomethylidene)‑1,1‑dimethylguanidine 129.16
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Table 7. ADMET and drug‑likeness prediction results of qualified compounds (OSIRIS Property Explorer and DruLiTo tools result)

Compounds PubChem CID Toxicity 
Risk

cLogP LogS Molecular 
weight

TPSA Drug 
likeness

Drug 
score

BBB

Vindolinine CID: 24148538 G 1.7 −3.38 336 41.57 2.36 0.49 Pass

Vindoline CID: 425978 G 1.32 −3.12 456 88.54 3.95 0.74 Fail

(+)‑Vindorosine CID: 261578 G 1.39 −3.1 426 79.31 3.86 0.78 Fail

Cr‑1 CID: 5315746 G 0.91 −2.69 384 73.24 3.95 0.84 Pass

Cr‑2 CID: 59908094 G 2.61 −4.38 482 79.31 0.58 0.5 Fail

Metformin (control drug) CID: 4091 G −1.54 −0.13 129 91.49 1.21 0.88 Pass

Abbreviations: cLogP (O/W), Logarithm of partition coefficient between n‑octanol and water; LogS, aqueous solubility; TPSA, Topological polar 
surface area; G, Green signal (indicated no toxicity risk).

Figure 1. Molecular docking studies of AMPK1 with different ligands. (A) Interaction of AMPK1 with metformin (CID: 4091); (B) Interaction of 
AMPK1 with vindolinine (CID: 24148538); (C) Interaction of AMPK1 with vindoline (CID: 425978); (D) Interaction of AMPK1 with (+)-vindorosine 
(CID: 261578); (E) Interaction of AMPK1 with Cr-1(CID-5315746); and (F) Interaction of AMPK1 and Cr-2 (CID: 59908094). In subfigures, Image 
A shows about specific and reversible interaction of drug target AMPK1 and ligand/lead compound; Image B provides the insight of depth of the 
catalytic site of the target, similar to a real situation and distance between ligand and target around them, and target-ligand interaction within 
the active site of AMPK1 target based on H-bond donor and acceptor characteristic of amino acid residues; and Image C representing the 2D 
image, which is signifying the linkage between ligand and target amino acids residues. On the 2D map, the color lines indicated the following: 
Conventional H-bond interaction (green); carbon-hydrogen bond (sky blue); attractive charge interaction, π-cation interaction, and salt bridge 
(orange); alkyl interaction, π-alkyl interaction, and π-π stacked interaction (pink); conventional π-σ interaction (purple); and unfavorable positive-
positive interaction (red).
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forms a π-alkyl interaction of 5.47 Å between the target 
and the lead (Table S1).

The molecular docked pose of (+)-vindorosine 
(CID: 261578) and AMPK1 (Figure 1D) showed that the 
lead attaches within a selected pocket site (residue Arg199) 
of AMPK1 chain A through non-covalent interactions and 
has a binding affinity of –6.3 kcal/mol. There is one intra-
molecular conventional H-bond interaction of 2.08 Å; a 
π-σ interaction with Phe180 residues of 3.5 Å; a π-alkyl 
interaction of 4.48 Å with a Phe180 residue; and an alkyl 
interaction with Leu200 residues of 4.61 Å (Table S1).

The docking pose (Figure 1E) reveals that the binding 
of Cr-1 (CID: 5315746) around Arg199 residues of chain A 
of AMPK1 through non-covalent links and had a binding 
affinity of −6.4 kcal/mol. There are two conventional 
H-bond interactions with Gly198 and Arg182 of 1.95 
Å and 2.57 Å, respectively; three carbon H-bonds with 
Ser197, Gly198, and Gln464 of 3.54 Å, 3.67 Å, and 3.37 Å, 
respectively; an intramolecular π-σ interaction of 3.69 Å; 
two alkyl interactions with Arg199 and Leu200 of 4.42 Å 
and 4.44 Å, respectively; and a unfavorable positive-
positive interaction with Arg199 of 4.11Å (Table S1).

Figure 1F shows the binding of Cr-2 (CID: 59908094) in 
the active site pocket residue Arg199 of chain A of AMPK1. 
The complex molecular docked pose shows interactions 
between them like two π-σ interactions through Tyr463 
and Phe180 of 3.51 Å and 3.55 Å, respectively; single 
π-alkyl interaction with Tyr463 of 4.25 Å; and one alkyl 
interaction through Leu200 of 5.28 Å. The minimum 
potential binding energy between them is −6.1 kcal/mol 
(Table S1).

The potential binding energy or binding affinity value 
of a lead compound with AMPK1 extends between 
−7.4 and −6.1 kcal/mol whereas AMPK1 and metformin 
are −4.0 kcal/mol (Table 8). The results support the fact that 
the aforementioned compounds have lower free energy of 
interaction than the control drug and the biomolecules can 
become a potent AMPK1 stimulator.

3.4.2. AMPK2 targets interaction with leads and 
control compounds

Interaction between AMPK2 (chain A, pocket residues 
Glu264) and metformin is established and confirmed by 
docking pose in Figure  2A. Metformin is attached with 
AMPK2 residues Asp261, His247, and Thr243 through four 
usual H-bond interactions of 2.33 Å, 2.11 Å, 2.40 Å, and 
2.40 Å; a carbon H-bond relations with residues Asp261 of 
3.54Å; and two attractive charge interactions of 4.45 Å and 
5.18 Å with Asp261 residues (Table S2). The Vina score of 
binding affinity between them is −4.2 kcal/mol (Table 9).

Vindoline (CID: 425978) interacts through chain A 
residue GLU264 of the AMPK2 and binding is confirmed by 
molecular docked pose (Figure 2B). The potential binding 
energy between vindoline and AMPK2 is −6.2 kcal/mol 
(Table  9). The lead is connected with AMPK2 residues 
with non-covalent interaction, such as Arg263 forms two 
H-bond of 2.21 Å and 2.29 Å; Lys260 and Arg263 residues 
form two carbon H-bond connections of 2.62 Å and 2.80 
Å, respectively; residues Leu272 and Arg263 interact with 
two alkyl connections of 5.22 Å and 3.87 Å, respectively; 
residues Glu279 by an attractive charge interaction of 5.36 
Å; and residues Asp280 with an unfavorable acceptor-
acceptor interaction of 2.97 Å (Table S2).

The potential energy of binding (−5.6 kcal/mol) 
and conformer docked pose (Figure  2C) of vindolinine 
(CID: 24148538) and AMPK2 chain A, pocket residue Glu264, 
establishes the presence of stable molecular interaction 
between them. There is one carbon H-bond interaction 
with target residue Glu264 of 3.45 Å; two attractive charge 
interactions with Glu264 and Asp280 of 4.77 Å and 5.16 Å, 
respectively; a single π-anion interaction with Asp280 of 
3.95Å; a single π-cation interaction with Lys269 of 3.97 Å; 
and one π-alkyl interaction with Arg263 between the target 
residues and the lead of 5.36 Å length (Table S2).

The lead compound (+)-vindorosine (CID:261578) 
and AMPK2 interaction docked pose (Figure  2D) has 
established that the compound positively enters and 
connected to the catalytic site Glu264 residue of chain A of 
AMPK2, with 3 conventional H-bond interaction around 
catalytic pocket residues Arg263 of 2.10Å, 2.41 Å, and 
3.0 Å; one carbon H-bond interaction through Glu264 of 
3.65 Å; two alkyl interactions through Lys260 of 4.17 Å and 
3.77 Å; single attractive charge interaction with Glu264 of 
4.62 Å; and a single π-anion bond contact with Glu279 of 
3.86 Å. The minimum potential energy for binding between 
(+)-vindorosine and AMPK2 is −5.6 kcal/mol (Table S2).

The docked pose at the molecular level (Figure  2E) 
of AMPK2 and lead Cr-1 (CID: 5315746) has confirmed 
about definite interaction between them and the compound 

Table 8. The binding energy of docking interaction between 
AMPK1 target and ligands (control and test compounds)

Group Docked compound Binding energy (kcal/mol)

Control AMPK1–metformin −4.0

Test AMPK1–vindolinine −7.4

AMPK1–vindoline −6.3

AMPK1–(+)‑vindorosine −6.3

AMPK1–Cr‑1 −6.4

AMPK1–Cr‑2 −6.1
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positively entering and attaching to the catalytic site of 
the AMPK2 chain A, through two conventional H-bond 
interactions around catalytic pocket residues Arg263 of 

2.63 Å and 2.32 Å; two alkyl interaction with Arg263 and 
Lys260 of 4.13 Å and 4.21 Å, respectively; two attractive 
charge interaction with residues Glu264 and Glu279 of 
4.92 Å and 4.78 Å, respectively; and one intra molecular 
π-σ interaction of 3.73 Å. The potential binding affinity 
energy between them is −5.3 kcal/mol (Table S2).

The binding affinity conformer (Figure  2F) of the 
AMPK2 and lead Cr-2 (CID: 59908094) docking pose 
shows that the lead attached to the active location of chain 
A of AMPK2, compartment residues Glu264, with one 
intramolecular H-bond of 3.01 Å; conventional H-bond 
connection with Lys260 of 2.30 Å; two carbon H-bond 
links through Glu264 and Lys260 of 3.73 Å and 3.71 Å, 
respectively; single attractive charge interaction with 

Figure  2. Docking studies of AMPK2 with different leads/ligands at the molecular level. (A) Interaction of AMPK2 with metformin (CID: 4091); 
(B)  Interaction of AMPK2 with vindolinine (CID: 24148538); (C) Interaction of AMPK2 with vindoline (CID: 425978); (D) Interaction of AMPK2 
with (+)-vindorosine (CID: 261578); (E) Interaction of AMPK2 with Cr-1(CID-5315746); and (F) interaction of AMPK2 and Cr-2 (CID: 59908094). In 
subfigures, Image A shows about specific and reversible interaction of drug target AMPK2 and ligand/lead compound; Image B provides the insight of 
depth of the catalytic site of the target, similar to a real situation and distance between ligand and target around them, and target-ligand interaction within 
the active site of AMPK2 target based on H-bond donor and acceptor characteristic of amino acid residues; and Image C representing the 2D image, 
which is signifying the linkage between ligand and target amino acids residues. On the 2D map, the color lines indicated the following: Conventional 
H-bond interaction (green); carbon-hydrogen bond (sky blue); attractive charge interaction, π-anion interaction, and π-cation interaction (orange); alkyl 
interaction and π-alkyl interaction (pink); unfavorable acceptor-acceptor interaction and unfavorable positive-positive interaction (red).

Table 9. The binding energy of docking interaction between 
AMPK2 target and ligands (control and test compounds)

Group Docked compound Binding energy (kcal/mol)

Control AMPK2–metformin −4.2

Test AMPK2–vindoline −6.2

AMPK2–vindolinine −5.6

AMPK2–(+)‑vindorosine −5.6

AMPK2–Cr1 −5.3

AMPK2–Cr2 −5.3
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Glu279 of 3.45 Å; single unfavorable positive-positive 
contact with Lys260 of 3.81 Å. The binding energy between 
them is −5.3 kcal/mol (Table S2).

Comparison between the potential energy of metformin 
along with the biomolecules of C. roseus on the target, we 
found that the tested compounds’ potential energy varies 
from −6.2 to −5.3 kcal/mol and has a lower potential 
energy than the control (−4.2 kcal/mol) (Table 9). Hence, 
it is predicted that the tested C. roseus alkaloids can bind 
strongly with the target and are more potent activators of 
AMPK2 than metformin.

4. Discussion
Diabetes mellitus initially promotes hyperglycemia but in 
chronic cases, it moves toward a multi-factorial disease 
situation. The current investigation supports that C. roseus 
alkaloids are powerful stimulators of AMPK and have 
antihyperglycemic properties[51]. The SOSUI prediction 
result shows that human AMPK1 (UniProt ID Q13131) is 
a soluble protein and made up of 559 AA, instead of 548 
AA as reported in a previous paper[52], whereas AMPK2 
(UniProt ID P54646) is a membrane-bound protein and 
made up of 552 AA (Table 1).

The ADMET test results (Table  7) have shown that 
putative drug candidates of C. roseus phytochemicals obey 
the Lipinski rule, that is, partition coefficient (cLogP) ≤ 
5, which means the compounds have good hydrophilicity 
and can engross quickly in the cells. The biomolecules 
have a high opportunity of absorption in the oral and 
alimentary canal after administration. The standard 
parameter for the logarithmic assessment of aqueous 
solubility (LogS) is 0 to −4 at 25°C, pH = 7.5, and our 
result for the majority of ligands candidate is ≤ −4 mol/lit 
which means that the biomolecules have better absorption 
and distribution features. The molecular weight ≤ 500 for 
the ligands represents their small sizes leading to a high 
opportunity of arriving at the site of action and a high 
possibility of activity on the target site. The standard 
criteria for topological polar surface area (TPSA) are ≤140 
Å whereas the result shows TPSA ≤100 Å, indicating a 
molecule has a low polar surface and the ability to infuse 
cells with high surface region for action, thus, they have 
a high transport properties or membrane permeability. 
Drug-likeness value varies from 0.58 to 3.95; the positive 
and higher value indicates molecules contain the majority 
of fragments having biological action or drug-likeness 
features. The drug-score result varies from 0.49 to 0.84, 
which means that ligands have the potential to meet the 
criteria as a drug. The blood-brain barrier (BBB) crossing 
ability was tested by DruLiTo software, which shows that 
vindolinine (CID: 24148538) and Cr-1 (CID: 5315746) 

had passed the test, whereas the others such as vindoline 
(CID: 425978), (+)-vindorosine (CID: 261578), and Cr-2 
(CID: 59908094) were unable to be detected, means they 
may cross the BBB[46,47].

In the journey of in silico docking analysis, we found that 
metformin and the C. roseus alkaloids bind with chain A of 
AMPK1 pocket residue Arg199 and with chain A of AMPK2 
pocket residue Glu264, other than substrate binding groves 
of AMPK (Thr172). Hence, metformin and the biomolecules 
act as modulators and indirect AMPK activators, which 
activate AMPK by enhancing the AMP:  ATP ratio by 
inhibiting complex I of the respiratory chain of mitochondria 
and by intracellular accumulation of calcium[19,53,54].

The docking result of the present study indicates 
that vindolinine has a strong binding affinity with target 
AMPK1 and AMPK2 with binding energy values of 
−7.4  kcal/mol and −5.6 kcal/mol, respectively. Similarly, 
the binding energy of vindoline with target AMPK1 and 
AMPK2 is −6.3 kcal/mol and −6.2 kcal/mol, respectively; 
(+)-vindorosine is −6.3 kcal/mol and −5.6  kcal/mol, 
respectively; Cr-1 is −6.4 kcal/mol and −5.3 kcal/mol, 
respectively; and Cr-2 is −6.1 kcal/mol and −5.3 kcal/mol, 
respectively (Tables  8 and 9). The binding energy of the 
metformin is −4.0 kcal/mol with AMPK1 and −4.2 kcal/mol 
with AMPK2. Based on the outcome, it is concluded 
that the C. roseus alkaloids vindoline (CID: 425978), 
vindolinine (CID: 24148538), (+)-vindorosine (CID: 
261578), Cr-1 (CID: 5315746), and Cr-2 (CID: 59908094) 
stimulate AMPK1 and AMPK2 more effectively than 
metformin. Numerous researches and literature found 
that the C. roseus plant has a hypoglycemic effect and is 
superior to biguanides (e.g., metformin). Furthermore, its 
extract decreases the risk of diarrhea-related toxicity (a 
side effect of metformin)[21].

As per the thermodynamic principle, “the lesser the 
Gibbs free energy or potential energy, the higher the 
complex stability”. The descending order of binding 
affinity of AMPK1 with different ligands is vindolinine 
(−7.4 kcal/mol) > Cr-1 (−6.4 kcal/mol) > vindoline (−6.3 
kcal/mol) = (+)-vindorosine (−6.3 kcal/mol) >  Cr-2 
(−6.1 kcal/mol) > metformin (−4.0 kcal/mol). Whereas 
the descending order of binding affinity of AMPK2 with 
different ligands is vindoline (-6.2 kcal/mol) > vindolinine 
(-5.6 kcal/mol) = (+)-vindorosine (-5.6 kcal/mol) > Cr-1 
(-5.3 kcal/mol) = Cr-2 (-5.3 kcal/mol) > metformin (-4.2 
kcal/mol). The general binding affinity of biomolecules 
with AMPK1 appeared to be greater than with AMPK2, 
which is likely due to the globular and soluble nature of 
AMPK1. Among all ligands, vindolinine (−7.4 kcal/mol) 
is the strongest stimulator of AMPK1 whereas vindoline 
(−6.2 kcal/mol) is of AMPK2.
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The difference in potential energy of the AMPK-ligand 
complex may be due to the distance and disparity in the 
attractive and weaker interactions such as H-bonding, 
electrostatic forces, hydrophobic interaction, or 
unfavorable bonding. The result provides evidence that 
AMPK1 and AMPK2 complexes have identical specific 
activity but differences in binding affinity of ligands and 
also have differential substrate preference. All the qualified 
ligands/leads have correlated substrate specificity with 
both targets because the alpha-1 and alpha-2 subunits 
of AMPK have well-built homology (77% resemblance 
in amino acids) around the substrate binding groves 
(Thr172) and contribute similarly to the total AMPK 
action[10]. Dissimilarity in substrate liking based on binding 
energy value may be due to a difference in the degree of 
phosphorylation[52]. Diversity in the mechanism of action 
of both subunits is due to differences in downstream targets 
of the AMPK cascade[10,52]. AMPK1 and AMPK2 enzymes 
are involved in the direct phosphorylation of metabolic 
enzymes and transcription regulation and have distinct 
biological functions[17]; therefore, AMPK is known to be 
an important first-line target for the treatment of Type II 
diabetes and other diseases[55].

AMPK1 is widely present and expressed, regulates 
intracellular signaling through phosphorylation, and 
accounts for more than 90% of the AMPK activity[10,11]. 
The current study result shows that the C. roseus alkaloids 
are excellent indirect AMPK1 stimulators and activate 
the target by the release of sarcoplasmic calcium ion 
and disturbs energy balance which leads to increased 
AMP:  ATP ratio[56]. It is known that AMPK1 regulates 
enzymes of glucose metabolism[16], and insulin release[13], 
but is not able to generate a sufficient signal for glucose 
uptake. However, in the case of low-intensity twitch 
contraction, it promotes glucose uptake up to 60% by 
glucose transporter 1 (GLUT1) and has a limited role in 
glucose metabolism[56]. Moreover, AMPK1 plays a major 
role in safeguarding cells from stresses that bring out ATP 
depletion through turning off ATP-consuming biosynthetic 
pathways[12]. In addition, it engages in the mammalian 
target of rapamycin (mTOR) signaling pathway[15], cytokine 
secretion, macrophage activation through regulation of 
arginine metabolism key enzymes, prostaglandin synthesis, 
immune suppression, differentiation of MDSC[14,16], 
prohibiting skeletal muscle hypertrophy, etc.[15,57]. The 
metabolic pathway was highlighted in Figure 3A based on the 
literature. According to the computational docking studies 
resulted in high binding affinity between the target and 
ligands in this study, it is predicted that by activating AMPK1 
the biomolecules (vindoline, vindolinine, (+)-vindorosine, 
Cr-1, and Cr-2) can protect beta cells of pancreas and 
control diseases related to cellular stress conditions, 

cancer, and cardiovascular problems through downward 
cascading molecules and related mechanism. Therefore, its 
nature of action can be validated further by wet laboratory 
experiments and clinical trials. Moreover, some literature 
shows that vindoline and α/β-tubulin (PDB: 1Z2B) have 
a binding affinity of −7.28 kcal/mol. Therefore, vindoline 
can improve the protection mechanism of plants and 
have inhibitory outcomes on cancer cells. Alkaloids have 
antioxidant properties and can decrease glucotoxicity and 
reactive oxygen species (ROS) generation by quenching 
ROS and suppressing oxidative phosphorylation in stress 
conditions by exciting AMPK1[58].

AMPK2 is greatly expressed in cardiac muscle, skeletal 
muscles, and liver[11], and contributes < 10% activity of 
AMPK[10]. AMPK2 enzyme regulates metabolic health 
by cellular energy homeostasis, promoting glucose and 
fatty acid uptake, improving insulin sensitivity, reducing 
insulin resistance, recycling insulin receptors (INSR), 
and regulating GLUT4 transport[17]. Also, activated 
AMPK2 phosphorylates glycolysis pathway machinery 
6-phosphofructokinase-2 (PFKB2), and fructose-2,6-
biphosphatase 3 (PFKB3). In the liver, it stimulates 
glucose homeostasis by phosphorylating CREB-regulated 
transcription coactivator 2 (CRTC2)/target of rapamycin 
2 (TORC2)[17]. Thus, AMPK2 activation by biomolecules 
reduces hepatic glucose production, increases glucose 
utilization in hepatocytes, and amplifies insulin-mediated 
peripheral glucose absorption by GLUT4 in skeletal 
muscle and fat cells and as a result, decreases blood 
sugar concentration[1,17,19-21,54]. Based on the literature, 
the metabolic pathway of AMPK2 was highlighted in 
Figure 3B and its nature of action can be confirmed further 
by wet laboratory experiments and clinical trials.

C. roseus ethanolic extract appreciably curtailed the 
elevated blood sugar level in addition to uplifting significantly 
antioxidant security systems and helping in the revival of 
beta cells[58]. An in silico study of alkaloid vindoline showed 
that it controls hyperglycemia and other glucotoxicity-
induced pathogenesis by acting on multiple targets (AMPK, 
peroxisome proliferator-activated receptor γ [PPARγ], 
dipeptidyl peptidase 4 [DPP4], and α-glucosidase)[59]. 
Vindoline was examined on Wistar rats and the outcome 
showed that vindoline reduces significantly fasting blood 
glucose level (FBG) (P < 0.05) and lessens hyperglycemia-
generated liver, kidney damage, and improves the in vitro 
insulin discharge in pancreatic tissues[60].

Chronic AMPK2 stimulation reduces or inhibits 
ACC activity and HMG-CoA reductase[61], induces fatty 
acid oxidation, and suppresses expression of lipogenic 
enzymes, leading to a decrease of membrane cholesterol 
(~10%) and triglyceride (~45%) levels[62], restoring F-actin 
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structure[63,64], inhibiting cell proliferation through p53 
and mTOR, inhibiting macrophage proliferation[16], and 
preventing glucotoxicity by decreasing NADPH oxidase 
2 (NOX2)-mediated ROS production. In addition, plant 
alkaloid treatment improves the organization of the 
nephritic parenchyma and considerably reduces caspase 9 
expression and peroxidation of lipids in diabetic ones[65]. 
AMPK2 stimulation can also protect against diabetic 
cardiomyopathy and cardiovascular disease[61].

Many literatures describe that the aqueous extract of 
C. roseus considerably reduces the blood glucose level and 
glycogen content of the liver and muscle[31]. Alkaloids such 
as vindoline, vindolinine, catharanthine, etc. of C. roseus 

extract have blood glucose lowering action, secretion boost 
of insulin from the β-cell of Langerhans, and improvement 
of enzymatic activities of glycogen synthase, glucose-6-
phosphate-dehydrogenase, succinate dehydrogenase, and 
malate dehydrogenase (an extrapancreatic mechanism) 
reported in diabetic rats[28,66]. Test of the alkaloids on 
pancreatic β-TC6 or myoblast C2C12 cell lines reports 
that vindolidine, vindolicine, vindoline, and vindolinine 
alkaloids were elevating glucose intake in beta and 
muscle cells through hampering tyrosine phosphatase-1B 
(PTP-1B), and also promotes sensitivity of insulin and 
antioxidant potentials[44]. The plant alkaloids act on 
phosphatidylinositol 3,4,5-triphosphate [Ptdlns(3,4,5)P3 or 

Figure 3. Schematic representation of activation pathways and action of target AMPK1 and AMPK2. (A) The projected mechanism of action of C. roseus 
alkaloids and metformin on activation AMPK1 and their effect on prevention of different diseases; (B) The proposed mechanism of action of the tested 
alkaloids and metformin on downregulation of hyperglycemia and hypercholesterolemia by activation of AMPK2.
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PIP3], inactivate phosphor glucocorticoid-regulated kinase 
3 (pSGK3), and activate glycogen synthesis in the liver[27]. 
Herbal alkaloids could stimulate insulin secretion from beta 
cells, reduce insulin resistance, stimulate glycogenesis and 
hepatic glycolysis, activate PPARγ, etc.[67]. There is a need 
for clinical tests and validate the effect of the biomolecules 
as AMPK2 stimulators and their role in heart diseases, 
metabolic syndrome, obesity, diabetes, and other diseases.

5. Conclusion
Docking studies results between C. roseus phytochemicals 
and targets AMPK1 and AMPK2 highlighting strong 
bonding affinity between ligands and targets and bring 
into focus several questions related to diverse medicinal 
roles of alkaloids vindolinine (CID: 24148538), vindoline 
(CID: 425978), (+)-vindorosine (CID: 261578), Cr-1 
(CID: 5315746), and Cr-2 (CID: 59908094). AMPK2 
is a major regulator of glucose metabolism along with 
lipid metabolism leading to an effective control of 
hyperglycemia, hypercholesterolemia, and obesity. The 
major role of AMPK1 is in cellular stress, macrophages, 
and cytokine-based immunity regulation pathways. The 
present study evidence supports the findings of alkaloids 
having a greater potential to trigger AMPK1/2 targets and 
related pathways better than metformin and may effectively 
control hyperglycemia and diabetic cardiomyopathy, 
metabolic syndrome, obesity, etc. The putative drug 
candidates of C. roseus alkaloids can be further tested 
experimentally and validated clinically. These findings 
provide the basis for the development of drug candidates 
that have the ability to target multiple diseases, including 
diabetes and its related secondary complications.
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Abstract
Since its first breakout in December 2019, the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has impacted the lives of millions of people worldwide. 
The virus has been rapidly mutating, and the accumulation of various mutations has 
precipitated the emergence of several new variants. The Omicron variant (B.1.1.529 
lineage) was first identified in Botswana and South Africa back in November 2021. 
Since then, several Omicron sub-lineages have emerged as a result of hypermutations. 
In this study, a computational analysis of the 381 spike glycoprotein (S protein) 
of the SARS-CoV-2 Omicron variants isolated from Iraqi patients was performed. 
The full-length S protein sequences (1273 amino acids) were obtained from the 
publicly accessible Global Initiative on Sharing All Influenza Data database. A total 
of 60 mutation sites were recognized: 49 substitution sites, ten deletions, and one 
insertion. K417N and N440K were the most prevalent mutations (n = 379, 99.4%), 
followed by G339D (n = 377, 98.9%) and S373P and S375F (both n = 367, 96.3%). Both 
BA.1.1 (n = 198, 52%) and BA.1 (n = 91, 14%) were the predominant variant types 
encountered throughout this study. The current work offers the data of SARS-CoV-2 
Omicron variants derived from the Iraqi patients. The data from this study could 
assist in the molecular design of more potent vaccines and/or antiviral drugs against 
the virus and also provide a fundamental understanding of SARS-CoV-2 evolution 
with concerns about their pathogenicity.

Keywords: Severe acute respiratory syndrome coronavirus 2; Omicron; Iraq; Mutations; 
Variant; Spike glycoprotein

1. Introduction
The coronavirus disease (COVID-19) is a highly contagious infectious disease caused by 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which was first reported 
in late December 2019 in China[1,2]. The disease has impacted almost all sectors of life[3,4], 
infecting more than 750 million cases and causing 7 million deaths worldwide[5]. In Iraq 
alone, 2.5 million COVID-19 cases and more than 25000 COVID-19-related deaths have 
been reported[6,7].

SARS-CoV-2 virus belongs to the beta-coronavirus genus, consisting of non-
segmented, positive-sense, single-stranded RNA[8-10]. This virus has a genome size of ~30 
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kbp that encodes for a number of accessory proteins and 
four major structural proteins, such as spike (S) protein, 
nucleocapsid (N) protein, membrane protein (M), and 
envelope (E) protein[11-13]. Comprising 1273 amino acids, S 
protein is a trimeric protein having several domains that are 
known to facilitate the entry of the virus into the host cells 
through the attachment and fusion into the angiotensin-
converting enzyme 2 (ACE2) receptor of the host cells[14].

On completing the genetic sequencing of the virus for the 
first time, several variants of the virus with varying levels of 
pathogenicity and transmissibility were reported around the 
world[15]. The Omicron variant (B.1.1.529 lineage) was first 
identified in Botswana and South Africa on November 24, 
2021 and then classified as a variant of concern (VOC) on 
November 26, 2021[16,17]. This variant is characterized by high 
environmental durability, high transmissibility, firm binding 
to human ACE2 receptor, attenuated viral replication, and 
resistance against therapeutic antibodies produced as a result 
of vaccination[18,19]. This variant was primary accountable for 
the fourth wave of the COVID-19 crisis in several countries[20].

As of February 2023, approximately 15 million 
SARS-CoV-2 whole genome sequences were available on the 
Global Initiative on Sharing All Influenza Data (GISAID) 
database[21]. Numerous studies have been conducted to 
comprehend the evolution process of SARS-CoV-2 and to, 
mostly by means of genomic sequencing, classify the virus 
into corresponding clades that may possess characteristics 
phenotypes[6]. Given the rampage caused by the Omicron 
variant around the world and the irreversible health damage 
it engenders, it is of great importance to undertake in-depth 
research to understand its evolutionary pattern, mutations 
carried by the sub-variants, and clinical manifestations 
of the infectious disease. Therefore, this study aimed to 
investigate the different SARS-CoV-2 Omicron variants 
that appeared in Iraq and assess the impact of these variants 
on the viral transmissibility and virulence.

2. Materials and methods
2.1. Spike protein sequences

All the 381 S protein sequences of the Iraqi SARS-
CoV-2 Omicron variants were extracted from GISAID 
databank on January 23, 2023. The accessory data included 
collection date, accession ID, amino acid substitutions, 
gender, age, city, Pango lineage, originating and submitting 
laboratory, and authors’ name (see Raw Data File). The 
information was, then, wrangled and analyzed manually 
using Microsoft Excel.

2.2. Pango lineages and S protein mutation analysis

Variants and sub-variants of the SARS-CoV-2 Omicron 
were determined based on the original GISAID 

classification. Mutations of each S protein sequences were 
identified by manual checking of the recorded sequence 
data, and the sequences were aligned with the first 
sequence of SARS-CoV-2 isolate from Wuhan Hu-1/China 
(accession number: NC_045512.2).

2.3. Protein visualization and construction of the 
phylogenic trees

Data regarding the 3D structure of the S protein and its 
common mutation sites were obtained the ViralZone 
database (https://viralzone.expasy.org/)[22]. A  phylogenic 
tree was constructed based on the 381 Omicron variants 
sequences using the Nextstrain tool (https://nextstrain.
org/)[23].

3. Results
3.1. Pango lineage

The sequence analysis revealed that six SARS-CoV-2 
Omicron variants circulated in Iraq within the period of 
this study (November 2021 – November 2022) (Figure 1).

Based on the mutation sequence analysis on the GISAID 
website, the most common lineage (52%) was BA.1.1, 
followed by unassigned Omicron lineage accounting for 
24% of the total cases. The lineages of BA.1, BA.2, and 
BA.1.17.2 accounted for 14%, 3%, and 2%, respectively.

The percentage of the different Omicron variants that 
appeared during the period of the study was calculated. 
As shown in Figure 1, all the reported Omicron variants 
in November 2021 belonged to the BA.1 Pango lineage. 
Between December and February 2022, BA.1.1 was one 
of the prevalent assigned lineages. Despite accounting 

Figure  1. Percentage of the different SARS-CoV-2 Omicron variants 
circulated in Iraq from November 2021 to November 2022. The “others” 
refers to the Pango lineage of the Omicron variant which did not fit into 
any of the Pango lineages based on the computational analysis of the 
mutations.
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for only 4% of all cases in January 2022, BA.2 became 
the predominant lineage (100%) that infected all cases 
in May 2022. Afterward, BA.2 lineage was not reported 
in any isolates until November 2022. On the other hand, 
BA.5.2 was the most prevalent lineage in June, August, and 
September 2022. November 2022 saw the most diverse 
blend of lineages, and several new variants, such as CV.1, 
BN.1, XBB.1, and XBB.2, were reported for the first time in 
Iraq (Figure 3A).

The weekly morbidity and mortality data of COVID-
19  cases in Iraq, which the data were obtained from 
Worldometers.info database (www.worldometers.
info/coronavirus/country/iraq/)[24], were analyzed and 
visualized (Figure 3B and C). As shown in Figure 3B, two 
waves of COVID-19 in Iraq were noted during the span of 
this study. The majority of the confirmed COVID-19 cases 
were recorded during the period between December 2021 
and February 2022, and toward the end of March 2022, a less 
severe form of the disease prevailed as the most common 
form of COVID-19, with the same trend persisting until 
the end of July 2022 (Figure 3B). Notably, the substantial 
portion of the COVID-19 deaths was recorded in February 
and March of 2022 (Figure 3C).

The evolutionary relationship between the different 
lineages of the 381 SARS-CoV-2 sequences from Iraq and 
other known lineages was analyzed and visualized using the 
Nextstrain database (https://nextstrain.org/) (Figure 2).

3.2. Amino acid mutations

SARS-CoV-2 is an RNA virus that can rapidly mutate 
during cell infection and replication. Our results showed 
that there are 54 substitutions, ten deletions, and one 
insertion mutation within the genome of 381 sequences 
of the SARS-CoV-2 Omicron variants among the 
Iraqi individuals (Figure  4). Among the mutations, 13 
substitutions and all ten amino acid deletions are located 
in the N-terminal domain (NTD) of the protein (region 
from 13 to 305 amino acids of the protein). The top three 
prevalent mutation sites were A67V (67%), L212I (63.0%), 
and G142D (55.0%) (Figure  5), and H69del and V70del 
deletions were detected in 70% of the Omicron sequences 
(Figure 6). The prevalence rates of the other mutations are 
shown in Figures 5 and 6.

Twenty-five mutations reside in the receptor-binding 
domain (RBD), including G339D, K417N, and N440K 
with a prevalence rate of 99%, followed by S373P and S375F 
with 96% (Figure 5). G446S had a prevalence rate of 80%, 
while a combination of substitution mutations, including 
S477N, T478K, E484A, Q498R, N501Y, and Y505H, had a 
prevalence rate of 75% (Figure 5).

Other known mutations are located at the S1 and S2 
subunits of S protein, all with the mutation rates of >60%. 
Notably, D614G, a signature mutation of SARS-CoV-2, 
was reported in only 78% of the isolates (Figure  5). 
Furthermore, three substitution mutations are located at 

Figure 2. SARS-CoV-2 phylogenetic tree of Omicron variants of Iraq. Nextstrain tool was used to build the phylogenetic tree utilizing all 381 Omicron 
variant sequences deposited in the GISAID database. Pango lineages are indicated with different colors, while the phylogenic tree illustrating the Nextstrain 
clades is portrayed in gray color.
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the heptad repeat (HR)-1 domain of the S2 subunit of the S 
protein, namely, Q954H (73%), N969K (73%), and L981F 
(66%) (Figure 5). It was also observed that 5 of the 60 site 
mutations of the S protein had more than one substitution, 
including V213G (Prevalence rate 12%) and V213E = 13%. 
Furthermore, there were G399D (Prevalence rate = 15%) 
and G399H=16% (Figure 5).

4. Discussion
Similar to other RNA viruses, SARS-CoV-2 has a high 
mutation rate, which has led to the emergence of different 
variants of the virus with varying levels of pathogenicity 
and transmissibility[25,26]. The Omicron variant (B.1.1.529), 
which was first reported in November 2021 in Botswana, 
was categorized as a VOC by the World Health Organization 
on November 26, 2021[26].

4.1. Omicron variants

The genome of the Omicron variant contains a wide range 
of deletions and insertions relative to the first SARS-CoV-2, 
including 31 – 37 mutations located in the S protein[27].

The result of this study has shown that BA.1.1 (52%), 
BA.1 (14%), BA.2 (3%), and BA.17.2 (2%) were the most 
prevalent Omicron variants that circulated in Iraq from 
late 2021 to the end of November 2022. The emergence of 
new highly mutated sub-lineages of BA.1, BA.1.1, and BA.2 
raised concerns about the pathogenicity of these variants[28]. 
BA.2 variant was first reported on October 22, 2021[29], and 
was shown to have a 30% increased transmissibility in 
comparison to BA.1[26]. However, this study showed that 
BA.2 was less prevalent among Iraqi patients in comparison 
to the BA.1 and BA.1.1 variants (Figure 1). This perhaps 
explains the lower COVID-19 mortality and morbidity 
rates recorded in Iraq during the period of this study in 
comparison to neighboring countries, such as Iran and 
Turkey (Figure 3B and C)[30]. Moreover, it has been shown 
that the mortality and morbidity rates during the Omicron 
wave were reduced by 20–80% in comparison with those 
during the Delta wave[26].

Although BA.1, BA.1.1, and BA.2 have shown to share 
most of the Omicron mutations, these sub-lineages differ 
in some distinctive mutations. For instance, R346K is a 

Figure 3. (A) Percentage of the different SARS-CoV-2 Omicron lineages circulating in Iraq during the span of this study. (B and C) Daily morbidity and 
mortality cases in Iraq, respectively. The graphs in (B) and (C) were obtained from the Worldometers website (https://www.worldometers.info/coronavirus/
country/iraq/; Data accessed on May 31, 2023)[24].
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signature substitution of BA.1.1 sub-lineage, whereas T19I, 
L24S, del25/27, V213G, T376A, and R408S are signature 
mutations in BA.2 isolates[26].

Monthly SARS-CoV-2 Omicron variant analysis 
revealed that the different lineages of the virus appeared 
in different periods of the study (Figure 3). In November 
2021, BA.1 was the predominant variant; this variant is 
characterized by the possession of 35 mutations, of which 
15 mutations are located in the receptor-binding site of the 
S protein[31]. At the end of February 2022, the Omicron 
BA.1 and its derivates, including BA.1.1, and BA.1.17.2, 
were found among the sequenced samples. However, 
starting May 2022, BA.1 was replaced by BA.2, BA.5, and 
its derivate as the predominant variants. This phenomenon 
lends its support in explaining the higher transmissibility 

of BA.2 relative to BA.1[26]. By the end of November 
2022, several SARS-CoV-2 variants, such as CV.1, BA.2, 
BN.1, BA.5.2.1, XBB.1, and XBB.2, were recorded in 
Iraq (Figure 3A). The emergence of such diverse variants 
of the SARS-CoV-2 within 1  year can be rationalized 
by the polymerase mutations of the virus occurring at a 
rapid pace[32]. In addition, genetic recombination was 
also reported in individuals coinfected with different 
SARS-CoV-2 variants[33].

The phylogenetic tree analyses of the sequences showed 
that the majority of the studied sequences were clustered 
at the 21K clade, followed by fewer samples clustered at 
the 21L clade. Most importantly, both clades diverged from 
21M, which is a designated clade of the Omicron variant of 
SARS-CoV-2[34] (Figure 2).

Figure 4. (A) Schematic representation of the SARS-CoV-2 S protein. (B) Locations of some mutations on the protein. (C) Approximate locations of the 
substations and deletions in the different domains of the S protein.
Abbreviations: NTD: N-terminal domain; RBD: Receptor-binding domain; S1/S2: Protease cleavage site; FP: Fusion peptide; HR1: Heptad Repeat 1; HR2: 
Heptad repeat 2; TM: Transmembrane domain; CP: Cytoplasmic peptide.
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4.2. Mutation in Iraqi Omicron variants

In our study, 23 out of 60 mutations (38%), including 
ten deletions and one substitution, were located in the 
NTD of the S protein (Figures  4–6). The top three most 
prevalent substitution mutations were A67V (67%), L212I 
(63%), and G142D (55%). A  few studies have illustrated 
the importance of the NTD mutations, especially T19I 
and P25del, V143del, Y144del, and Y145del in conferring 
the immune escape capacity on the variants against the 
neutralizing antibodies produced by the host cells[35,36]. 
Interestingly, T95I which accounted for 49% of the total 
cases (Figure  5), as well as del25 and del143–145 which 

account for prevalence rates of 7%, 49%, 50%, and 49%, 
respectively, were among the Omicron variants detected in 
Iraq (Figure 6). Furthermore, the G142D mutation, which 
was found in 55% of the available sequences (Figure  5), 
can cause alteration to the binding sites of the protein, 
which help foster resistance of the protein to monoclonal 
antibody[37,38]. Other deletions that were detected among 
the S protein sequences, which can interfere with the 
pathogenicity of the virus[39], were H69/V70  (70%) and 
Y144/145del deletion (50%) (Figure 6).

The RBD of the Omicron variant is a highly mutable 
region[40,41], and 42% (n = 25) of all the mutations are located 

Figure 5. Percentage of the amino acid substitutions of the S protein among the Iraqi Omicron variants that emerged from November 2021 to November 2022.
Abbreviations: NTD: N-terminal domain; RBD: Receptor-binding domain; FP: Fusion peptide; HR1: Heptad Repeat 1.
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in this domain of the protein (Figures 4 and 5). Among the 
mutations, G339D, S371D, S375F, K417N, and N440K had 
prevalence rates of 99% (Figure 5). The important role of the 
RBD in the pathogenicity of the virus is well documented 
since this region is where the S protein directly binds to 
the ACE2[42]. It has also been shown that mutations located 
between positions 338 and 506 in the RBD are responsible 
for altering the binding affinity of the S protein with 
ACE2[43,44]. In addition, S371L results in higher antibody 
resistance, whereas S373P, 375F, and K417N reduce protein 
stability and enhance infectivity[45]. N440K and G446S 
mutations have been shown to increase antibody resistance 
and infection vulnerability[46]. Similarly, it has been reported 
that reduced protein stability and enhanced infection rate 
are the prime consequences following S477N, T478K, 
E484A, Q496S, Q498R, and Y505H substitutions[45,47]. 
Other substitutions have also been found to structurally 
alter the viral protein and thus its capabilities in invading 
and infecting the host in different aspects. For instance, 
N501Y could alter the structural conformation of S protein 
at RBD and invade the host’s immune system[48]; L452R 
could reduce its ability in antibody neutralization[49]; and 
T478K could facilitate the immune escape of the virus[50].

Glycine substituted for aspartic acid at position 614 
in the S protein (D614G), first reported in the early 
2020, enhances the transmissibility and infectivity of 
SARS-CoV-2[51,52]. This mutation also increases S protein 
flexibility as a result of the open conformation of RBD 
domain[51,53]. Nevertheless, only 78% of the sequenced 
samples harbor this mutation. In addition, H655Y, 
N679K, and P681H mutations that are located at the S1/S2 
boundary may affect the splitting process of S1 and S2 
subunits. Although P681H might improve the efficiency of 
proteolytic cleavage of the S protein in the alpha variants 
at a lesser extent, its influence on viral fitness is not very 

significant[54]. On the other hands, N679K and P681H 
mutations have been found to regulate the fusogenic ability 
of Omicron variants[55].

Q954H and N969K mutations, which are located in the 
HR domain, have been found in all Omicron sub-lineages, 
and only affect viral fusion and infection ability, since these 
mutations do not impact the HR1-HR2 connections[56].

5. Conclusion
This study analyzed all the available data about the 
diversity of SARS-CoV-2 Omicron sub-lineages detected 
in Iraq. The BA.1, BA.1.1, BA.2, and BA.5.1 variants are 
among the Omicron sub-lineages commonly found in 
the Iraqi patients, while the less common ones include 
XBB.1 and XBB.2. The BA.1 had been the most common 
variant among the samples before it was replaced by the 
more transmissible sub-lineages such as BA.2 and BA.5 
starting May 2022. Overall, a total of 60 mutation sites 
were recognized: 49 substitution sites, ten deletions, and 
one insertion from the Iraqi Omicron variants. Signature 
mutations of Omicron variants, such as G339D, S371L, 
S373P, S375F, E484A, Q496S, and Q498R, are beneficial 
to the viral fitness in terms of the transmissibility of the 
variants. Of note, a lack of SARS-CoV-2 genome sequences 
across the entire period of the study is the limitation of this 
study, potentially compromising the generalizability of the 
current findings to similar contexts. As part of its future 
direction, the current study is set to evaluate the impact of 
different vaccines on the viral variants analyzed.
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Abstract
Colorectal cancer (CRC) is a highly life-threatening disease associated with 
a significant mortality rate. It has been proposed that testosterone levels 
may play a role in predisposing individuals to such devastating conditions. 
Testosterone primarily governs the maturation of the male reproductive system 
while also exerting physiological effects in both genders. In the present study, 
we investigated testosterone levels in CRC patients among the South Indian 
population. Blood samples were collected in the hospitals in Tamil Nadu, South 
India, and a cohort of healthy controls was selected for comparative analysis. 
A total of 130 subjects participated in the study, consisting of 65 CRC patients and 
an equal number of healthy controls. Approximately 7 mL of blood was collected 
from each subject for radioimmunoassay. The results of radioimmunoassay on 
the blood samples were analyzed using SPSS to assess differences between 
discrete and continuous data variables. Chi-square and t-tests were conducted 
for statistical evaluation. CRC patients exhibited significantly (P < 0.0001) 
reduced mean testosterone levels (06.68 ± 2.15 nmol/L) compared to controls 
(22.54 ± 8.85 nmol/L). Further stratification by smoking status revealed that 
non-smoker CRC patients had lower testosterone levels (06.81 ± 2.21 nmol/L) 
than non-smoking controls (10.15 ± 2.48 nmol/L), with a statistically significant 
difference (P < 0.0001). Adjusting for alcohol consumption, CRC patients displayed 
decreased mean testosterone levels (06.31 ± 2.30 nmol/L) compared to controls 
(07.96 ± 2.45 nmol/L), and this difference was found to be significant (P < 0.022). 
These findings support the notion that reduced testosterone levels serve as a 
critical risk biomarker in the pathogenesis of CRC.
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1. Introduction
Cancer is a devastating disease that has been the subject 
of continuous study for over a century. According to the 
International Agency for Research on Cancer, cancer was 
responsible for nearly 1.9 million incidence cases and 0.9 
million deaths in 2020. One specific example of cancer is 
colorectal cancer (CRC), which affects the colon and the 
rectum[1,2]. Examining the connection between testosterone 
and CRC within the South Indian population is imperative, 
given the unique characteristics of this demographic 
and the potential implications for cancer prevention and 
treatment. Such research can substantially enhance our 
understanding of CRC and enable the customization of 
healthcare strategies to address the specific needs of this 
region.

Various factors have been identified as influential in 
determining cancer susceptibility[3]. As an illustration, 
testosterone levels are widely recognized for their 
significance, particularly in the development of the 
male reproductive system[4]. Testosterone is primarily 
synthesized in the smooth endoplasmic reticulum of Leydig 
cells, which are located in the testes and produced through 
the traditional pathway from cholesterol[5]. In the testicular 
interstitial tissue, Leydig cells serve the primary function 
of producing testosterone to support spermatogenesis and 
various extratesticular androgenic, and anabolic functions. 
The transport of testosterone to its target sites relies on 
the serum glycoprotein called sex hormone-binding 
globulin (SHBG)[6], which is synthesized in the liver. SHBG 
forms strong bonds with three sex hormones: estrogen, 
dihydrotestosterone, and testosterone, facilitating these 
three hormones throughout the body. Reference ranges 
for testosterone levels can vary significantly, with reported 
limits for men ranging from as low as 10 to as high as 
35 nmol/L, and for women, from as low as 0.5 to as high as 
2.4 nmol/L[7-10].

Recently, emerging evidence has established a statistically 
significant positive relationship between circulating 
endogenous sex hormone levels and the risk of developing 
CRC[6,11,12]. In men, higher levels of total testosterone have 
been associated with a decreased risk of CRC, and there 
appears to be an inverse relationship between the estradiol-
to-testosterone ratio and CRC[13]. Both genetic and 
environmental factors, which can influence sex hormone 
levels, have been linked to an increased risk of CRC[14-17]. 
Within the Women’s Health Initiative Clinical Trial 
(WHI-CT), a nested research study revealed that exposure 
to the highest and lowest SHBG concentration groups 
was associated with a more than twofold increased risk of 
CRC[6,18]. However, several smaller studies examining the 
relationship between circulating SHBG concentrations and 

CRC have yielded conflicting results[13,19]. To the best of our 
knowledge, no epidemiologic research has examined the 
relationship between testosterone levels and the risk of 
CRC in the South Indian population. This study aimed 
to evaluate the relationships between testosterone levels 
and the likelihood of CRC among patients in this region. 
Investigating the relationship between testosterone levels 
and CRC in the South Indian population holds significant 
promise for advancing medical knowledge and patient 
care. It has the potential to provide population-specific 
insights, contribute to personalized medicine, improve risk 
assessment, guide treatment strategies, inform preventive 
measures, advance scientific understanding, and have 
broader implications for global health. This research has 
the potential to improve the quality of life for individuals 
in South India and contribute to the global effort to 
combat CRC.

2. Materials and methods
2.1. Subject recruitment

In the present study, blood samples of CRC patients were 
collected from hospitals in Tamil Nadu, South India. CRC 
was diagnosed based on distinct peripheral blood cytology, 
standard clinic-hematological criteria, and baseline 
clinical findings that were recorded and confirmed by 
an oncologist. Patients diagnosed at various stages of the 
illness were enrolled in the study, and diagnostic criteria 
were applied. Each participant underwent a personal 
interview and completed an open-ended questionnaire 
to obtain pertinent clinical information, including factors 
such as age, smoking behaviors, and alcohol history. The 
study was conducted based on the medical data provided 
by the practitioners. The samples, collected by the doctors 
for the investigation, were further used in subsequent 
experiments.

2.2. Sample collection

Approximately 7 mL of blood samples were collected from 
patients diagnosed with CRC through venipuncture at 
hospitals. Blood samples were also voluntarily collected 
from healthy individuals using the same method to serve as 
controls for comparative analysis. The overarching goal of 
employing the same blood collection method is to ensure 
that control subjects closely resemble patients in all relevant 
aspects except for the specific exposure or condition under 
investigation. This approach allows researchers to make 
valid comparisons and derive meaningful conclusions from 
their study findings. Venipuncture is a common medical 
procedure that demands careful attention to detail and 
strict adherence to safety protocols to ensure the proper 
collection and handling of blood samples while minimizing 
discomfort or complications for the patient. The blood was 

https://doi.org/10.36922/gpd.1082


Volume 2 Issue 3 (2023)	 3� https://doi.org/10.36922/gpd.1082 

Gene & Protein in Disease Testosterone as a biomarker of colorectal cancer

drawn into ethylene diamine tetraacetic acid-filled sterile 
tubes and then delivered to the immunobiology laboratory. 
Serum and plasma were subsequently separated from the 
blood samples and assayed for biochemical parameters, 
specifically focusing on the levels of testosterone.

2.3. The testosterone assay

2.3.1. Enzyme immunoassay (EIA)

Testosterones were directly measured in the serum using 
radioimmunoassay kits (Catalog number: 07BC-1115, 
Bangalore Genei Private Limited) with reference values[20]. 
The detection method is based on the competitive binding 
of testosterone in the test specimen with a testosterone-
horseradish peroxidase (HRP) conjugate for a consistent 
amount of rabbit anti-testosterone. During the incubation, 
testosterone standards, control samples, patient samples, 
testosterone-HRP conjugate reagent, and rabbit anti-
testosterone reagent were all incubated for 90 min within 
goat anti-rabbit IgG-coated wells. Subsequently, the wells 
were rinsed to remove unbound testosterone-peroxidase 
conjugate, and the addition of tetramethylbenzidine (TMB) 
solution induced the development of a blue color. TMB is 
a chromogenic substrate used in immunohistochemical 
staining processes and as a visualizing reagent in enzyme-
linked immunosorbent tests. To measure the absorbance 
spectrophotometrically at 450 nm, the color development 
was halted. The standard curve served to determine the 
testosterone concentration of the samples and controls in 
relation to the standards.

2.3.2. Reagents composition

Microtiter plates with 96 antibody-coated wells, with 
goat anti-rabbit IgG coating, were used. The reference 
standard set (1 mL/vial) contains preservative-free human 
serum with testosterone concentrations of 0, 0.1, 0.5, 2.0, 
6.0, and 18.0  ng/mL. The pink-colored, 7mL rabbit anti-
testosterone reagent comprises anti-testosterone in a bovine 
serum albumin buffer with preservatives. The testosterone-
HRP conjugate reagent (12 mL/vial, blue color), designed 
for the quantitative determination of testosterone in 
human serum or plasma, comprises only HRP-conjugated 
testosterone. Testosterone control sets one and two each 
include approximately 0.6 and 11  ng/mL of testosterone 
in human serum (0.5  mL/vial). The 11  mL container of 
TMB reagent contains 3,3’,5,5’-TMB stabilized in a buffer 
solution. In addition, a bottle of stop solution containing 
11 mL of diluted hydrochloric acid (1N HCl) is included. 
Before use, all reagents should be equilibrated to room 
temperature (18 – 25℃) and gently inverted or swirled 
to ensure proper mixing. Testosterone concentrations in 
samples were quantified through dilution with diluents. To 
prevent exposure to humid air, a desiccant was included 

to seal the microtiter plate in a bag. The unopened kit was 
stored at 2 – 8℃.

2.3.3. Assay procedure

The desired number of coated wells were placed in the 
holder. Next, 10 μL each of standards, samples, and 
controls were dispensed into separate wells. Subsequently, 
100 μL of testosterone-HRP conjugate reagent and 50 μL 
of rabbit anti-testosterone reagent were added to each 
respective well. After thorough mixing for 30 s, the mixture 
was incubated for 90 min at 37°C. The incubation mixture 
was then removed from the wells by flicking, followed 
by rinsing each well five times with deionized water. 
Subsequently, each well received 100 μL of TMB reagent, 
which was gently mixed for 10 s and then incubated for 
20 min at room temperature. The reaction was stopped by 
gently adding 100 μL of the stop solution (1N HCl) to each 
well for 30  seconds. The optical density must be read at 
450 nm using a microtiter well reader within 15 min of the 
complete conversion of all blue colors to yellow. Figure 1 
illustrates each step of the process, from sample collection 
through spectrophotometric analysis.

2.4. Statistical analysis

Descriptive data analysis utilized frequency distribution 
and mean with standard deviation (SD) statistics. To 
assess significant differences between discrete and 
continuous data variables, Chi-square and t-tests were 
used in inferential statistics. ANOVA was used to assess 
group mean differences. All statistical calculations were 
performed using the International Business Machines-
Statistical Package for the Social Sciences (IBM-SPSS) tool.

3. Results
In the present study, a total of 130 participants were involved, 
with 65 being diagnosed with CRC, while the remaining 65 
served as healthy, cancer-free controls. These participants 
were further categorized into two groups, namely Group I 
(comprising subjects under 50  years old) and Group  II 
(comprising subjects over 50  years old), based on “age” 
criteria. The average age of patients in Group I was 42.62 ± 
6.10 (n = 24), while in Group II, it was 6.40 ± 2.03 (n = 41), 
representing 36.92% and 63.08% of the total, respectively. 
The age range of CRC-diagnosed patients ranged from 37 
– 78 years, while that of the control subjects ranged from 
36 – 76 years. There was a deviation of ±2 years in the age 
distribution between the CRC-diagnosed patient groups 
and controls.

Patients were also divided based on “disease stage” 
criteria, including Dukes stage A, which encompassed 8 
subjects (12.31%); Dukes stage B, comprising 14 subjects 
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(21.54%); Dukes stage C, involving 25 subjects (38.46%); 
and Dukes stage D, which included 18 subjects (27.69%), 
as depicted in Figure  2A. Furthermore, CRC-diagnosed 
patients were categorized into six groups based on their 
exposure to certain risk factors, such as smokers (37 
subjects, 56.92%), non-smokers (28 subjects, 43.08%), 

alcohol consumers (43 subjects, 66.15%), and non-alcohol 
consumers (22 subjects, 33.85%), as illustrated in Table 1.

Concerning the level of testosterone, CRC-diagnosed 
patients exhibited a decreased mean testosterone level 
(06.68 ± 2.15 nmol/L) with a mean age of 54.63 ± 10.24, in 
contrast to the controls, who had a mean testosterone level 

Figure 1. Flow diagram depicting the study procedure.
Abbreviations: EDTA: Ethylenediaminetetraacetic acid; HRP: Horseradish peroxidase; RIA: Radioimmunoassay; TMB: Tetramethylbenzidine.

Figure 2. (A) Frequency distribution of CRC-diagnosed patients based on Dukes stages. (B) Testosterone levels in different groups. (C) Testosterone levels 
adjusted for age.
Notes: CRC: Colorectal cancer patient group; CTL: Control group; G-I: Group I; G-II: Group II.

CB

A
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of 22.54 ± 8.85 nmol/L with a mean age of 54.63 ± 9.83, 
as shown in Figure  2B. A  highly significant statistical 
difference was observed between the serum testosterone 
levels of CRC-diagnosed patients and controls (t = 14.0399, 
P < 0.0001), as presented in Table 1. Smoking was found 
to be significantly (P < 0.0001) linked with CRC, with an 
odds ratio (OR) of 5.8363 and a 95% confidence interval 
(CI) of 2.6329 – 12.9373 when considering the risk of 
CRC in the presence of smoking, as shown in Table 1. In 
addition, alcohol was considered more impactful than 
smoking, increasing the CRC risk by 6.5-fold (OR: 6.5152, 
95% CI: 3.0088 – 14.1077, P < 0.0001).

In addition, we observed a slight difference in 
testosterone levels between the patient group and the 
control group, both of which consisted of smokers. This 
difference, however, was not found to be statistically 
significant (t = 1.82, P = 0.07). However, when comparing 
the testosterone levels of subjects in the non-smoker 
group (patient group: 6.81 ± 2.21 nmol/L; control group: 
10.15 ± 2.48 nmol/L), a statistically significant difference 
was identified (P < 0.0001). CRC-diagnosed patients 
who were adjusted for alcohol consumption exhibited a 
decreased mean testosterone level (06.31 ± 2.30 nmol/L) 
in contrast to the controls (7.96 ± 2.45 nmol/L), and this 
difference was statistically significant (P < 0.022), as shown 
in Table  1. The mean testosterone levels were decreased 
in CRC-diagnosed patients, who were also smokers 
and alcohol consumers (06.68 ± 2.15, 06.57 ± 2.13, and 
06.31 ± 2.30 nmol/L, respectively) when compared to 
their respective controls, who were non-smokers, and 
non-alcohol consumers (22.54 ± 8.85, 11.86 ± 2.65, and 
10.15 ± 2.48 nmol/L, respectively), as indicated in Table 1 
and Figure 2B. Based on the aforementioned information, 
it is evident that testosterone levels were statistically lower 

in CRC patients who were smokers and alcohol consumers 
when compared to control subjects who were non-smokers 
and non-alcohol consumers.

Regarding the grouping of subjects by age, CRC-
diagnosed patients within Group  I, with a mean age 
of 43.87 ± 3.62, exhibited mean testosterone levels of 
6.40 ± 2.03 nmol/L. In contrast, the control group, with 
a mean age of 42.62 ± 6.10, displayed higher testosterone 
levels (28.29 ± 6.10 nmol/L), as shown in Figure  2C. 
This observed difference was substantial and statistically 
significant (P < 0.0001), as indicated in Table 2. Group II, 
representing a mean age of 62.79 ± 6.79 in CRC-diagnosed 
patients and 61.08 ± 6.32 in controls, showed a significant 
difference (P < 0.0001) in the mean testosterone 
levels in CRC-diagnosed patients and controls, i.e., 
6.58 ± 2.18 nmol/L and 20.39 ± 7.20 nmol/L, respectively, 
as demonstrated in Figure 2C.

After conducting the intergroup significant difference 
test, we also examined intragroup differences among 
patients at different Dukes stages. In Dukes stage A, the 
mean testosterone level was 7.43 ± 1.86 nmol/L, while in 
Dukes stage B, it was 6.00 ± 2.31 nmol/L. Dukes stage C 
had a mean level of 6.92 ± 2.54 nmol/L, and Dukes stage 
D showed a mean level of 5.85 ± 2.42 nmol/L. In Group II, 
which includes patients at Dukes stages C and D, the 
testosterone level was lower in Dukes stage D, although 
this difference was not statistically significant (P = 0.17). 
Similarly, in Group I, the mean difference in testosterone 
levels was not statistically significant (P = 0.15), as shown 
in Table 2. The mean values of testosterone levels in CRC-
diagnosed patients at Dukes stage D within Group  II 
were statistically lower compared to both Group  I and 
Group  II of the controls (P < 0.001). Comparing the 

Table 1. Hormonal frequency distribution of testosterone in colorectal cancer patients and controls based on certain habits 
(smoker and alcohol)

Variable Groups Age range (years) No. of subjects (n) Testosterone (nmol/L) P‑value

CTL 36 – 76 (54.63±9.83) 65 22.54±8.85 <0.0001*

CRC 37 – 78 (54.72±10.24) 65 06.68±2.15

Smoker Smoker (CTL) 40 – 67 (55.08±9.22) 12 07.82±1.78 0.07

Smoker (CRC) 38 – 78 (57.70±9.93) 37 06.57±2.13

Non‑Smoker (CTL) 36 – 76 (53.79±12.14) 53 11.86±2.65 <0.0001*

Non‑Smoker (CRC) 37 – 67 (50.92±9.36) 28 06.81±2.21

Alcohol consumer Alcohol consumer (CTL) 38 – 70 (55.40±10.88) 15 07.96±2.45 <0.022

Alcohol consumer (CRC) 37 – 78 (55.54±11.05) 43 06.31±2.30

Non‑alcohol Consumer (CTL) 36 – 76 (51.58±9.64) 50 10.15±2.48 <0.0001*

Non‑alcohol consumer (CRC) 37 – 68 (53.95±8.00) 22 06.87±2.00

Notes: CRC: Colorectal cancer; CTL: Controls. Values are presented as mean±SD unless specified. *Statistically significant compared to  
controls (p<0.0001).
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testosterone levels of Group  I at Dukes stage A and B 
with the controls in Group  I, a statistically significant 
difference was observed (P < 0.0001). Similarly, when 
comparing the differences between Group  II at Dukes 
stages C and D and the controls in Group II, a significant 
difference was also observed (P < 0.0001). Interestingly, 
when utilizing ANOVA, no significant difference was 
observed among different Dukes stages. This indicates 
that all observed differences within the Dukes stages were 
negligible, as shown in Table 2. ANOVA is a justified and 
widely accepted statistical method in scientific research 
due to its ability to handle multiple groups, control for 
experiment-wise error, provide valuable insights into 
variability, and offer flexibility for various experimental 
designs. It helps researchers make informed decisions and 
draw meaningful conclusions from their data, contributing 
to the advancement of scientific knowledge.

4. Discussion
CRC is a complex illness influenced by various risk factors, 
including environmental exposure to chemicals, toxins, 
and carcinogens, as well as endogenous factors. One 
such endogenous factor is reduced testosterone levels, 
which play a crucial role in controlling cell proliferation 
and apoptosis in healthy cells[21], as shown in Figure 3. As 
testosterone levels decrease due to various factors, such as 
aging, alcohol consumption, and smoking, the risk of CRC 
increases. However, there is limited knowledge regarding 
how testosterone affects cancer cells or the potential 
inhibitory effects of anti-androgens[22,23]. Recent research 
has proposed testosterone as a potential tumor biomarker 
for CRC[24], alongside established tumor markers such as a 
carcinoembryonic antigen.

In the present study, when comparing the mean 
testosterone levels among CRC participants who consume 
alcohol and smoke to those in the control group who 
were non-smokers, non-drinkers, and control groups, 

we observed significantly lower testosterone levels 
(P < 0.05), which is consistent with findings from other 
investigations[25,26]. The testosterone levels in the CRC-
diagnosed patients in this study aligned with those 
reported in other studies, both globally and across 
age groups, reaffirming the validity of our results[27]. 
Furthermore, several other studies have suggested that 
elevated testosterone levels in CRC patients at Dukes stages 
B and C may be indicative of more aggressive cancers[28-30]. 
Increased testosterone levels have been associated with 
cancer progression and are used as a prognostic indicator 
for advanced CRC, with marker sensitivity increasing 
with tumor stages[31-33]. However, it is worth noting that a 
population-based study involving 3635 males revealed no 
correlation between testosterone levels and the incidence of 
colon cancer, which contradicts the findings of our study[34].

Pregnenolone, 17-hydroxypregnenolone, and 
dehydroepiandrosterone are intermediates in one 
of the pathways through which testosterone can be 
synthesized from cholesterol[5,35]. In males, the smooth 
endoplasmic reticulum of Leydig cells in the testes is 
primarily responsible for testosterone production. In 
females, testosterone is primarily produced by the ovaries, 
suprarenal glands, and adipose tissue. In obese individuals, 
testosterone is often converted to estradiol by the enzyme 
aromatase. In addition, androstenedione and testosterone 
can undergo extra glandular aromatization to produce 
estrone and estradiol, respectively[36]. SHBG is a hepatically 
produced glycoprotein that serves as the primary transport 
protein for testosterone, playing a crucial role in regulating 
its bioactivity, as shown in Figure  3. Altered levels of 
SHBG also contribute to CRC risk[19,37,38]. One important 
site where this regulation occurs is within the colon 
epithelial cells. When the SHBG complex with testosterone 
reaches these cells, testosterone is released. Due to its 
lipophilic nature, it can easily pass through the cell 
membrane[12,39,40]. Once inside the cytoplasm, it binds to 

Table 2. Hormonal frequency distribution of testosterone in colorectal cancer patients and controls based on their age

Group Particulars Age range (years) No. of subjects (n) Testosterone (nmol/L) t‑test/ANOVA P‑value

I CTL 36 – 49 (42.62±6.10) 24 28.29±6.10 16.68 <0.0001*

CRC 37 – 49 (43.87±3.62) 24 6.40±2.03

II CTL 51 – 75 (61.08±6.32) 41 20.39±7.20 11.7546 0.0001*

CRC 51 – 78 (62.79±6.79) 41 6.58±2.18

I Dukes stage A (CRC) 38 – 48 (42.37±3.62) 8 7.43±1.86 1.35 0.26

I Dukes stage B (CRC) 37 – 49 (44.62±3.02) 14 6.0±2.31

II Dukes stage C (CRC) 48 – 71 (57.87±5.59) 25 6.92±2.54

II Dukes stage D (CRC) 57 – 78 (64.87±6.87) 18 5.85±2.42

Notes: CRC: Colorectal cancer: CTL: Controls. Dukes Stages: A–D; Group I: Age<50; Group II: Age>50; Values are presented as mean±SD unless 
specified. *Statistically significant compared to controls (P<0.05).
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its receptor, the androgen receptor (AR), which is a DNA-
binding protein complexed with heat-shock protein[38,41,42]. 
The testosterone-AR complex is then transported to the 
nucleus, where it forms a dimer and binds to the androgen 
response element site, regulating the expression of genes 
critical for cell proliferation, regulation, and cell death[43]. 
The gender disparity in CRC risk can be attributed to 
both genetic and environmental variables, both of which 
have the potential to affect sex hormone levels[16,44,45]. Low 
testosterone levels result in the disruption of this signaling 
cascade, as illustrated in Figure 3.

5. Conclusion
The present study supports the notion that a decreased 
level of testosterone serves as a critical risk biomarker for 
CRC pathogenesis. The examination of such biomarkers 
contributes to a comprehensive understanding of the 
relevance of efficient diagnosis and early screening. 
Therefore, further molecular and genetic investigations are 
needed to determine the specific role of testosterone in the 
human colonic mucosa.
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genes critical for cell proliferation regulation, as well as cell death. In colon cancer, the disruption of this signaling is attributed to low testosterone levels.
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Abstract
Forkhead box protein O4 (FOXO4) plays a pivotal role in cellular senescence by binding 
to and inactivating p53. Consequently, misregulation of the FOXO4:p53 complex is 
associated with numerous diseases. Targeting the FOXO4-p53 interface has been 
achieved using a synthetic D-retro-inverso (DRI) peptide derived from the forkhead-
homology domain of FOXO4 (FOXO4-FDH), also known as DRI (FOXO4-FHD residues 
91–124). However, a comprehensive understanding of the key amino acids driving the 
interaction between DRI and p53 remains incomplete. While previous publications 
have demonstrated a robust interaction between the forkhead homology domain 
of FOXO4 (FOXO4-FHD) and the transactivation domain of p53 (p53-TAD), emerging 
evidence suggests that the interaction within the binary complex forms a highly 
interconnected network, including a predicted interaction between FOXO4-FHD and 
the DNA-binding domain of p53 (p53-DBD). In this study, we investigated the DRI: p53-
DBD interaction by measuring the binding affinities of DRI and the native peptide of 
FOXO4, from which it is derived, to p53-DBD using microscale thermophoresis and 
computational modeling. Our in vitro measurements reveal that DRI binds to p53-DBD 
with high affinity (Kd ~50 nM), while the native peptide exhibits significantly weaker 
binding affinity (Kd ~2.5 mM), implying distinct modes of interaction. Subsequently, 
we created an in silico model of the DRI:  p53-DBD interaction, which we analyzed 
to identify potential interaction hotspots. The analysis of this model suggests that a 
truncated DRI peptide (FOXO4-FHD amino acids 101–109) retains the majority of the 
binding affinity, as subsequently demonstrated in vitro (Kd ~40 nM). Collectively, this 
data furnishes molecular-level insights that contribute to the understanding of the 
interplay of the amino acids between DRI and p53, further supporting the notion of 
domain rearrangement or refolding during the formation of the FOXO4:p53 complex. 
In addition, this data provides an additional basis for the design of small molecules 
aimed at inhibiting this interaction.
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1. Introduction
Cell senescence refers to the phenomenon of cell 
cycle arrest that occurs in response to cellular stress. 
This arrest is accompanied by halted cell growth, an 
upregulated expression of cytokines, and an enhanced 
secretory capacity[1]. This phenomenon is also known as 
the senescence-associated secretory phenotype (SASP), 
which is driven by various families of factors, including 
interleukins, chemokines, growth factors, proteases, and 
their regulators[2]. The effects of SASP are two sided. On 
the one hand, it can inhibit tumor growth and promote 
the restoration and regeneration of damaged tissues. 
Conversely, the presence of abnormal cytokines can 
accelerate the aging process, contribute to tumorigenesis, 
and facilitate tumor metastasis[3,4]. Therefore, cell 
senescence represents an important risk factor for cancer, 
as the accumulation of mutations and inflammation caused 
by senescence can induce oncogenesis[1,5].

p53 is a critical tumor suppressor that plays an 
important role in tumorigenesis and development[6]. The 
human p53 protein consists of 393 amino acids. It contains 
five domains: the N-terminal transactivation domain, a 
proline-rich domain, the DNA-binding domain (FOXO4-
DBD), the tetramerization region, and a carboxy-terminal 
regulatory domain[7]. p53 becomes activated in response to 
various intracellular and extracellular signals, exerting its 
regulatory influence on tumor development through DNA 
damage repair, cell cycle arrest, apoptosis, senescence, 
and cellular stress responses[8,9]. Functionally, when p53 is 
inactive, it not only loses its cancer-suppressing function 
but also contributes to the promotion of carcinogenesis[10].

Research has shown that FOXO4 is upregulated in 
senescent cells but is only marginally expressed in most 
other tissues[11]. FOXO4 plays a crucial role in maintaining 
survival in senescent cells by repressing p53-induced 
apoptotic response[12]. DNA-SCARS, or DNA segments 
with chromatin alterations reinforcing senescence, is 
known to fuse with promyelocytic leukemia (PML) bodies. 
This interaction leads to the recruitment of p53, thereby 
forming a complex with FOXO4[13]. FOXO4 consists of 
several functional domains that contribute to its biological 
activities, including the forkhead domain (FH), nuclear 
localization signal (NLS), nuclear export sequence (NES), 
C-terminal transactivation domains (TRD), and conserved 
regions (CR).

Baar et al. reported the development of a synthetic 
D-retro-inverso (DRI) FOXO4-based peptide known 
as FOXO4-DRI, which is composed of D-amino acids 
arranged in a reversed sequence[11] and corresponds to 
residues 93–119 of the FOXO4-FHD. This peptide has 
the ability to bind to p53 and disrupt the FOXO4-p53 

interaction. This disruption leads to the disorganization 
of the FOXO4-PML-DNA-SCARS complex, releasing 
p53 from this complex and making it available to trigger 
p53-mediated apoptosis. The synthetic peptide FOXO4-
DRI can thereby reduce senescence and features of frailty 
in a fast-aged mice model (XpdTTD/TTD). In addition, 
experiments also show that FOXO4-DRI can restore the 
loss of renal function in both naturally and fast-aged mice. 
As a result, the inhibition of protein–protein interaction 
(PPI) by FOXO4-DRI exhibits promising potential in the 
treatment of senescence-related diseases[11].

However, when compared with small molecules, 
peptides have certain disadvantages, including limited 
membrane-penetrating ability, poor in vivo stability, low 
metabolic stability, and reduced oral availability[13,14]. In 
addition, the production cost and market price of peptide-
based drugs tend to be higher than those of small molecules. 
These limitations have constrained the development and 
utilization of peptide-based drugs. However, therapeutic 
peptides feature unique biophysical properties compared 
to small molecules. Their larger size makes it easier to 
inhibit PPIs, and their higher specificity can help avoid 
side effects stemming from off-target effects[14]. Given 
the demonstrated strong potential of FOXO4-DRI, the 
development of a small molecule mimic targeting the 
FOXO4-DRI:  p53 interaction could provide a preferable 
route to antagonizing the FOXO4:p53 interaction. The 
design of such a small molecule would benefit from an 
improved understanding of the DRI: p53 interaction.

While the interaction between FOXO4-DRI and p53 
holds significant promise as a therapeutic target, there 
is currently no direct evidence regarding the molecular 
interaction and binding site on p53 for the DRI. Mandal 
et al. reported that the interaction between two domains, 
p53-TAD (transactivation domain) and FOXO4-FHD 
(forkhead domain), plays a crucial role in the formation 
of the FOXO4-p53 complex[15]. Le et al. showed that 
a designed peptide (with a Kd value of 0.66 nM) can 
disrupt the FOXO4-p53 interaction by preferentially 
binding to FOXO4[16]. Kim et al. demonstrated that the 
binding between two pairs of protein domains, FOXO4-
FHD: p53-TAD (with a Kd value of 2.19 μM) and FOXO4-
CR3:p53-DBD (with a Kd value of 6.96 μM), mediates the 
FOXO4-p53 interaction[17]. In addition, the N-terminal 
region of FOXO4, the CRD (C-terminal regulatory 
domain) of p53, and the DBD (DNA-binding domain) of 
both proteins are involved in stabilizing the FOXO4-p53 
complex[15]. Given that the DRI is a synthetic D-amino 
acid retro-inverse sequence of residues 93–119 of FOXO4, 
it is highly likely to possess a distinct molecular shape and 
charge distribution from that of the L-amino acids of the 
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same sequence in wild-type FOXO4. This suggests that the 
interactions of the DRI may not be similar to those of the 
equivalent FOXO4 sequence in the wild-type FOXO4:p53 
complex. These differences in molecular features are likely 
to strongly impact the interactions between the DRI and 
its p53 target.

In this study, we explored whether the differences in 
binding energy could be determined between the DRI and 
its L-amino peptide counterpart in relation to the p53-
DBD. In addition, we present the use of an in silico model 
for the DRI: FOXO4 interaction, which generated data 
on the likely key interactions between FOXO4 and p53-
DBD. This model aided in the design of shorter peptides to 
test hypotheses generated from the model. Subsequent in 
vitro experiments demonstrated that the newly developed 
shorter peptides contain the key interaction elements, as 
they retain almost complete binding affinity of the DRI to 
p53-DBD. These experiments provide data to aid in the 
design of smaller molecules (cyclic peptides or synthetic 
molecules) aimed at improving the pharmacological 
properties of inhibitors targeting the p53:FOXO4 PPI.

2. Materials and methods
2.1. Protein expression and purification

The p53-DBD gene was cloned into the pETM-11[18] 
expression vector using the NcoI and HindIII restriction 
sites and confirmed by sequencing. A  single colony was 
inoculated into 10  ml LB culture medium containing 50 
μg/ml kanamycin and 35 μg/ml chloramphenicol. This 
culture was incubated overnight at 37°C with shaking at 
180  rpm. Subsequently, the 10  ml overnight culture was 
transferred into 1  L of LB medium supplemented with 
50 μg/ml kanamycin and 35 μg/ml chloramphenicol. The 
culture was maintained at 37°C with continuous shaking 
at 180  rpm until the OD600 reached approximately 0.6. 
At this point, isopropyl β-D-1-thiogalactopyranoside 
(IPTG) was added to a final concentration of 0.5 mM, and 
the culture was further incubated at 18°C for 16 h. Cells 
were harvested by centrifuging the culture at 6000  rpm 
for 30  min at 4°C and then resuspended in lysis buffer 
(100 mM HEPES at pH  7.5, 100 mM NaCl, and 5 mM 
β-mercaptoethanol). The cells were sonicated in an ice-
water bath for 6 min. The supernatant was collected through 
high-speed centrifugation at 18000 rpm for 45 min at 4°C 
and subsequently loaded onto a 5 ml HisTrap HP (Cytiva) 
column that had been pre-equilibrated with lysis buffer. 
The column was then washed with 10 column volumes 
of washing buffer (100 mM HEPES at pH  7.5, 100 mM 
NaCl, 5 mM β-mercaptoethanol, and 25 mM imidazole). 
Protein was eluted using a linear gradient with an elution 
buffer (100 mM HEPES at pH 7.5, 100 mM NaCl, 5mM 

β-mercaptoethanol, and 500 mM imidazole). Fractions 
containing the target protein were identified using SDS-
PAGE and subsequently pooled and concentrated using an 
Amicon Ultra-15 concentration unit. Further purification 
was carried out using a Superdex 75 (GE Healthcare) 
column with SEC buffer (20 mM Bis-Tris at pH 7.8, 150 
mM NaCl, and 10 mM β-mercaptoethanol). Fractions 
containing the protein of interest were once again 
identified using SDS-PAGE, pooled, and concentrated to 
a final concentration of 10 mg/ml. The samples were then 
flash-frozen in liquid nitrogen and stored at −80°C until 
further use.

2.2. Peptides synthesis and characterization

All peptides (Table  1) were synthesized using 
solid-phase peptide synthesis, following the Fmoc 
(N-9-  fluorenylmethyloxycarbonyl) strategy as described 
in the literature[19,20]. The synthesis was carried out on 
Wang resin (loading at 0.3 mmol/g for long peptides and 
1.2 mmol/g for short ones) with a fully automated peptide 
synthesizer, Syro I from MultiSynTech GmbH (Witten, 
Germany). Each peptide was cleaved from the solid 
support using a mixture composed of 90% trifluoroacetic 
acid (TFA), 5% triisopropylsilane (TIS), and 5% H2O 
(v/v/v) and stirred for about 3  h at room temperature. 
The resulting peptides were precipitated in cold diethyl 
ether, and the pellets were resuspended in a mixture of 
water and acetonitrile (H2O/ACN = 75:25  v/v) and then 
lyophilized. Peptide purification was carried out using a 
NUCLEODUR HTec C18 column (5 μm, 150×21 mm) at 
a flow rate of 12 ml/min. Elution was carried out using a 
gradient of solvent B (CH3CN + 0.1% TFA) from 5% to 
70% over 20 min, with solvent A (H2O+0.1% TFA) as the 
other component. The purity and identity of the peptides 
were verified using analytical liquid chromatography with 
mass spectrometry (LC-MS), and the results are presented 
in Table  1. LC-MS analysis of peptides was carried out 
using a C18 Waters XBridge column (3 μm, 4.6 × 5.0 mm). 
A linear gradient of 0.05% TFA in CH3CN from 5 to 70% 
over 15 min was applied at a flow rate of 0.2 ml/min. The 
purity of all peptides exceeded 95% and determined by 
calculating the ratio of the peak area of the target peptide 
to the sum of all areas in UV chromatograms at 210 nm.

2.3. Microscale thermophoresis

The binding affinity of peptides toward p53 was analyzed 
using the microscale thermophoresis (MST) technique. 
For the MST experiments, purified p53 protein was diluted 
to a concentration of 50 nM and labeled using the His-
Tag Labeling Kit RED-tris-NTA (Monolith Cat#-L018), 
following the manufacturer’s recommended instructions. The 
labeled protein was pretested using Monolith™ NT.115 MST 
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Standard Capillaries (Monolith Capillaries Cat#-MO-K022) 
on a Monolith NT.115[21]. The peptides were prepared in 
PBS-T buffer (PBS pH7.4, 0.05% [v/v] Tween 20) to achieve 
a final concentration of 2.5 μM. A  peptide serial dilution 
was prepared by performing 16 consecutive 2-fold dilutions. 
Subsequently, 10 μl of the labeled protein sample was added 
to 10 μl of peptide serial dilution, thoroughly mixed, and 
incubated at room temperature for 20  min. The mixture 
was then centrifuged at 13000 rpm for 15 min. The resulting 
samples were loaded into capillary trays for data measurement 

Table 1. Amino acid sequences and theoretical and experimental m/z (monoisotopic) of peptides tested in this work

Entry Sequence Theoretical (MW) Experimental (MW)

FOXO4-DRI NH2-tlrkepaseiaqsileaysqngwanrr-OH 3087.54 3087.546

FOXO4-DRI_short NH2-leaysqngw-OH 1066.44 1066.461

FOXO4 NH2-RRNAWGNQSYAELISQAIESAPEKRLT-OH 3087.54 3087.546

FOXO4_short NH2-WGNQSYAEL-OH 1066.44 1066.461

Notes: All peptides are free at N-terminus and COOH at C-terminus. D-amino acids are shown in lowercase to distinguish them from L-amino acids 
(uppercase).

Figure 1. Microscale thermophoresis experiments were conducted to assess the binding affinities of peptides FOXO4 and FOXO4-DRI to the DNA binding 
domain of p53 (p53-DBD). Under identical conditions, the FOXO4-DRI binds with a binding affinity (Kd) of ~50 nM (A), whereas the equivalent wild-type 
peptide shows a binding affinity (Kd) of 2.5 mM (B).

Figure 2. A microscale thermophoresis experiments to assess the binding affinities of truncated peptides FOXO4_short and FOXO4-DRI-short to the 
DNA binding domain of p53 (p53-DBD). (A) Under identical conditions to those shown in Figure 1, the FOXO4-DR_short binds with a measured Kd of 
~50 nM, similar to that seen for FOXO4-DRI. (B) The equivalent shorter wild-type peptide (FOXO4_short) shows a minor reduction in binding affinity of 
~20 mM when compared with that observed in FOXO4 in Figure 1.

using 40% excitation power and medium MST power at 25°C. 
These experiments were conducted in triplicate, and the data 
were analyzed using the manufacturer’s provided software. 
Errors in individual measurements used to calculate the 
binding affinities are shown in Figures 1 and 2.

2.4. Protein-protein docking

Protein–protein docking was performed using 
HADDOCK[22]. The crystal structure of a monomer of 
the p53 DBD was used as a receptor (PDB:3Q05), while 
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the crystal structure of the DBD of FOXO4 (PDB:3L2C) 
was employed as the ligand[23,24]. For both receptor 
and ligand, DNA, solvent molecules, and ions were 
removed, and hydrogens were added to all residues. 
For docking, the chosen binding site on the receptor 
encompassed residues 94–148 and 238–327, while for 
the ligand, residues corresponding to FOXO4-DRI 
(comprising residues 93–119 of FOXO4 in 3L2C) were 
selected to form the PPI. The p53-FOXO4 pose with 
the best complementarity between receptor and ligand 
was chosen for further analysis. Following docking, 
the structural flexibility and large-scale conformational 
transitions of the p53-FOXO4 complex were evaluated 
using the CABS-flex 2.0 server[25].

The docking structure of p53 complexed with FOXO4 
was used to generate binding modes for FOXO4-based 
peptides. First, secondary structures for the peptides were 
built using Chimera X’s structure building tool[26], ensuring 
proper torsions between amino acids by referencing the 
dynameomics rotamer library. The resulting structures 
were aligned with the corresponding peptide sequence 
in the FOXO4 DBD, considering its interaction with p53. 
Finally, the p53-peptide complexes and the FOXO4:p53 
complex were refined through an analysis of structural 
flexibility and large-scale conformational transition using 
the CABS-flex 2.0 server[25].

3. Results
3.1. DRI binds significantly more tightly to p53-DBD 
than its L-amino acid equivalent

Synthetic peptides corresponding to the published 
sequence of the DRI (FOXO4-DRI) and the equivalent 
wild-type sequence (FOXO4) were generated as previously 
described. The binding affinity of these peptides against 
purified p53-DBD was measured using MST, as detailed 
earlier, generating experimental measurements of their 
binding affinity. The Kd values for the peptides “FOXO4” 
and its DRI equivalent “FOXO4-DRI” are 2.5 μM and 48.4 
nM, respectively (Figure 1). The significant difference in Kd 
values between the DRI and native peptides under identical 
conditions provides further evidence that FOXO4-DRI 
interacts with p53-DBD with high affinity. The apparent 
strength of this interaction forms the basis for the ability 
of FOXO4-DRI to effectively compete with the relatively 
weaker interactions observed between FOXO4-FHD: p53-
TAD (2.19 mM), FOXO4-CR3:p53-DBD (6.96 mM), the 
N-terminal region of FOXO4:p53-CRD, and FOXO4-
DBD:  p53-DBD. In contrast, the equivalent wild-type 
peptide (FOX04) exhibits weaker binding affinity to p53-
DBD, thus displaying reduced competitiveness within the 
overall FOXO4:p53 complexation.

Figure  3. Molecular models of the FOXO4:p53-DBD and FOXO4-
DRI:  p53-DBD complexes. (A) Predicted binding mode of the wild-
type FOXO4 peptide that corresponds to the FOXO4-DRI with p53-DBD 
(peptide in green, ΔG: −6.4 kcal/mol, Kd: 2.2 × 10-5 kcal/mol). The 
computational model suggests that the FOXO4 peptide interacts with 2 
pockets on the surface of p53-DBD: Pocket 1 (blue) and Pocket 2 (red). 
(B) The predicted binding mode of the FOXO4-DRI (yellow, ΔG: −7.1 
kcal/mol, Kd: 5.8 × 10-6 kcal/mol) suggests significant rearrangement of the 
FOXO4-DRI but maintains interactions with both pockets 1 and 2. (C) A 
top view of the predicted binding mode of the FOXO4-DRI shown in (B).

3.2. Modeling of the interaction between DRI and 
p53-DBD

Based on the measured binding affinities between the 
DRI and the equivalent L-amino acids of FOXO4, we 
continued with the identification of potential molecular 
interaction sites. We employed computational docking 
to generate models of the DRI:  p53-DBD interaction, 
utilizing the p53 DBD (PDB:3Q05) and FOXO4 DBD 
(PDB:3L2C) as our initial models (Figure 3). These models 
facilitated the identification of a putative binding surface 
capable of accommodating both FOXO4 and FOXO4-DRI 
(Figure 3A and B). However, the predicted conformations 
of these two peptides exhibited significant differences, 
resulting in associated differences in predicted binding 
energies – the wild-type peptide corresponding to the 
DRI exhibited a predicted ΔG of binding of -6.4 kcal/mol, 
while the DRI displayed a correspondingly higher ΔG of 
binding at  -7.1 kcal/mol. In addition, our computational 
modeling of the FOXO4-DRI synthetic peptide interacting 
with the p53 surface yielded a rearranged conformation 
when compared to the wild-type sequence (as expected 
from NMR analysis of the FOXO4:p53 interaction[21]) 
(Figure  3C). Upon closer examination (Figure  4), two 
significant pockets were identified on the surface of 
p53-DBD and predicted to bind both peptides. Pocket 1 
(composed of amino acids Q7, K71, M76, S176, and E178) 
was shallower and less extended than Pocket 2 (composed 
of amino acids R17, L21, P35, A36, L37, N38, and S176) 
(Figure 4).

The two pockets together constitute the predicted core 
zone of the binding site for the DRI. S176 and N38 are located 
between the pockets, forming a barrier that separates the 
two pockets into two independent regions. This amino 
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acid “barrier” could potentially impact the interaction of 
a long peptide with p53, particularly if the peptide needs 
to interact across the two pockets and lacks sufficient 
internal flexibility to address both pockets simultaneously. 
In contrast, shorter peptides could potentially be shielded 
from this effect by maintaining strong binding interactions 
without incurring the potential entropic costs associated 
with a loss of solution flexibility upon binding. This 
suggests that a shorter peptide addressing only Pocket 
2 may retain significant binding affinity and be easier to 
mimic using small molecule approaches.

3.3. A truncated DRI retains a strong affinity with 
p53-DBD

According to the above information and the known 
FOXO4:p53 interaction[11], two shorter peptides were 
synthesized. Peptide “FOXO4 short” corresponds to the 
region of FOXO4 that interacts with Pocket 2, composed 
of L-amino acids in the native ordering, whereas peptide 
“FOXO4-DRI short” corresponds to the DRI form of this 
peptide.

MST assays were performed with a serial peptide 
concentration from 0.25 mM to 7.6 nM while maintaining 
a p53 working concentration of 25 nM. The Kd values for 

FOXO4 short and FOXO4-DRI short were determined 
to be 17.5 μM and 39.3 nM, respectively (Figure  2). 
Interestingly, the majority of the binding in vitro is retained 
when truncating the 27 L-amino acids of FOXO4-DRI 
(Figure  4A) to the 9 amino acids of FOXO4-DRI_short 
(Figure 2A). This observation suggests that the majority of 
the interactions between the DRI peptide and p53-DBD 
occur with Pocket 2 (Figures  1B and 2B) of p53-DBD. 
A  similar effect is observed in the Kd values of FOXO4 
and FOXO4_short, where the majority of the binding 
interaction is preserved upon truncation to the 9 amino 
acids of FOXO4_short. This retention of binding affinity 
may be attributed to the insufficient binding of FOXO4-DRI 
to p53, likely due to reduced flexibility in the longer helix, 
as suggested by molecular modeling (Figure 3B and C). As 
depicted in Figure 3A, the conformation of bound FOXO4, 
composed of L-amino acids, is predicted to consist of an 
α helix and a loop, suggesting good flexibility. In contrast, 
the FOXO4-DRI (Figure 3B and C), composed of D-amino 
acids, retains an overall helical conformation – suggesting 
a lower entropic penalty upon binding to p53 than that 
displayed in its L-amino acid equivalent.

4. Discussion
The FOXO4:p53 complex plays a crucial role in maintaining 
the vitality of senescent cells. Baar et al. demonstrated that 
a DRI peptide could disrupt the FOXO4:p53 interaction, 
releasing p53 and triggering p53-induced apoptosis[11]. In 
this study, we assessed the ability of the DRI to interact 
with p53-DBD and used computer simulations to predict 
the FOXO4-DRI: p53-DBD interaction. These simulations 
suggested that the DRI peptide may interact with two 
pockets on the surface of p53-DBD, termed Pocket 1 and 
Pocket 2. These models guided the design of a truncated 
DRI peptide to test the hypothesis that interaction with 
Pocket 2 is the driving factor in this proposed model. The 
findings of this study indicate that a truncated D-retro-
inverso analog of the FOXO4-DRI peptide exhibits 
significant binding affinity toward p53-DBD. Compared 
to native L-peptides, the D-retro-inverso peptide exhibits 
both enhanced biological stability and stronger binding 
affinity, resulting in significantly different biological 
activity[27].

Our biophysical experiments have confirmed our 
hypothesis that a truncated FOXO4 peptide would retain 
most of the binding features exhibited by the longer 
FOXO4-DRI. Notably, there is no significant loss in 
binding when the peptide is truncated from 27 to 9 amino 
acids. Our model suggests that this shorter region retains 
interactions with Pocket 2, and we are currently conducting 
X-ray soaking experiments using p53 crystals to validate 
this conformation. Furthermore, FOXO4-DRI_short 

Figure  4. Analysis of the 2 predicted binding pockets of FOXO4-DRI. 
(A) Surface view of Pocket 1 (blue) and Pocket 2 (red) on the suggested 
FOXO4-DRI: p53-DBD interface. (B and C) Key amino acids in the 
binding sites are highlighted in stick representation. Analysis indicates 
that Pocket 2 is deeper and more extended than Pocket 1, suggesting it 
may drive the interaction between the peptides and p53-DBD.

https://doi.org/10.36922/gpd.0927


Volume 2 Issue 3 (2023)	 7� https://doi.org/10.36922/gpd.1491

Gene & Protein in Disease Hotspots in the FOXO4: p53 interaction

exhibits a slight improvement in activity when compared 
to FOXO4-DRI. It is possible that the longer FOXO4-
DRI peptide, while capable of more interactions with the 
p53 surface, may be impacted by the need for increased 
peptide flexibility during binding to p53. In addition, the 
substitution of D-amino acids may allow the peptide chain 
to adopt different folding structures distinct from those 
formed by L-amino acid peptides, further promoting their 
binding to the active pocket.

The binding affinities suggest that the configuration, 
order difference, and flexibility of the peptide can 
significantly affect peptide affinity. This finding further 
supports the potential of truncated peptide design, 
based on conserved hot spots, in combination with DRI 
approaches as a promising strategy for addressing other 
PPI surfaces. Moreover, our predicted model, together 
with the activity assays, strongly indicates that Pocket 1 
and Pocket 2 are the hot spot regions of the FOXO4:p53 
interface. This insight provides a potential mechanism to 
support the design of further modulators targeting the 
FOXO4-DRI: p53 interaction.

5. Conclusion
Compared to the L peptide, the DRI exhibits a significantly 
higher in vitro binding affinity to p53-DBD, strongly 
suggesting distinct binding modes between the two species 
and p53-DBD. Computational calculations support this 
observation. A truncated form of DRI contains the crucial 
region for specifically targeting the hot spot regions, as 
the shorter peptide retains almost full binding affinity to 
p53-DBD. While retaining binding affinity, the potential 
to significantly reduce the size of FOXO4-DRI provides a 
basis for designing small molecule mimics of DRI, which 
may lead to improvements in drug-like behavior.
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Abstract
The objective of this case report is to explore whether genetic testing is appropriate 
to guide the treatment of papillary thyroid microcarcinoma (PTMC). In this case 
report, we describe a 27-year-old female who had no significant medical history and 
no tumor detected in the thyroid gland by ultrasound or computed tomography (CT), 
but had multiple enlarged lymph nodes at the right cervical lymph node levels II, III, 
IV, and V. The intraoperative frozen section pathology results showed that seven out 
of 23 right lymph nodes were metastatic from thyroid papillary carcinoma, but no 
primary lesion was found in the thyroid gland. After multiple post-operative sampling 
and micro section, only a 1  mm papillary carcinoma in the left thyroid gland was 
identified. The genetic testing result showed that the patient was positive for CCDC6-
exon 1-RET-exon 12 fusion. The final diagnosis of the patient was left thyroid micro-
papillary carcinoma (1 mm) with the right lateral cervical lymph node metastasis. She 
received iodine-131 treatment with nuclide and lifelong levothyroxine therapy in the 
3rd month after surgery. Continuous follow-up showed no elevation of thyroglobulin, 
no recurrence signs on positron emission tomography-CT re-examination, and good 
self-reported health status. In conclusion, the identification of CCDC6-RET fusion by 
genetic testing in the PTMC case aided diagnosis and treatment.

Keywords: Papillary thyroid microcarcinoma; Thyroid cancer; Active surveillance; CCDC6-
RET fusion; Genetic testing

1. Introduction
Papillary thyroid carcinoma (PTC), which accounts for more than half of the thyroid 
microcarcinoma (PTMC) cases, has a diameter of ≤1  cm[1]. Considering the inert nature 
of all PTMCs, PTMC is usually slow-growing, with uncomplicated clinical presentation, 
and rarely endangers the patient’s life. In recent years, PTMC metastasis to lymph 
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nodes, uterus, chest wall, or skeleton has been frequently 
reported[2-4]. We need to pay attention to these tumors, but 
there is no good way to distinguish and treat them. Active 
surveillance (AS) is recommended as a treatment of low-risk 
PTMC, as it is deemed comparable to surgical intervention. 
PTMCs with lymph node or distant metastasis, thyroid 
extrusion, and cytological indications are all amenable to 
the AS approach[5]. The case investigated in this study was 
a left papillary thyroid microcarcinoma with multiple right 
cervical lymph node metastases. We also aimed to explore 
the value of genetic testing in deciding the appropriate 
treatment, that is, surgery and AS, for PTMC.

2. Case presentation
We present the case of a 27-year-old female patient with 
no previous medical history who was referred to the 
Department of Thyroid and Breast Surgery, The Fifth 
Affiliated Hospital of Guangzhou Medical University 
(Guangzhou, Guangdong, China). This patient had a large 
mass in area II of her right neck. A fine-needle aspiration 
biopsy confirmed that it was a metastatic lesion of PTC. 
However, no tumor was detected in the thyroid gland 
by routine ultrasound and computed tomography (CT) 
examinations. Multiple enlarged lymph nodes were found 
and distributed in the right cervical lymph node levels 
(Figure  1A-C). Intraoperative pathological diagnosis 
revealed that seven out of 23 right lymph nodes were 
metastatic from PTC, but no obvious cancer lesion was 
seen in the thyroid gland (Figure  1D-F). After multiple 
postoperative sampling and micro section analysis, a 
1  mm papillary carcinoma in the left thyroid gland was 
discovered (Figure  1G and H). To further investigate, 
a modern genetic testing approach was applied, which 
showed that the patient was positive for CCDC6-exon 
1-RET-exon 12 fusion (Figure  2), a driver of thyroid 
cancer. Other genes tested, such as BRAFV600E, KRAS, 
NTRK1, NTRK2, NTRK3, EGFR, PIK3CA, ALK, NRAS, 
BRCA1, BRCA2, ROS1, PDGFRA, MET, HER2, NRAS, and 
KIT, were negative. The patient underwent post-operative 
radioactive iodine treatment and thyroid-stimulating 
hormone suppression.

3. Discussion
Due to the advanced ultrasound used in diagnosis, the 
incidence of PTC has been rapidly increasing in many 
countries since the last decade of the 20th  century[6]. 
According to the American Thyroid Association 
Guidelines, AS is the best clinical management for patients 
with PTMC, which shows no evidence of extrathyroidal 
extension[7]. Previously, Sugitani et al. reported prospective 
clinical trials of AS for low-risk PTMC conducted at two 
Japanese centers since the 1990s[8]. Factors such as age, 

family history, vascular distribution, imaging features, 
desire to have children, and pregnancy were assessed. 
The results showed that 8% of the patients had a tumor 
increase of ≥3 mm, while 3.8% of the patients had lymph 
node metastasis during the 10-year AS. The incidence of 
adverse events, such as temporary vocal cord paralysis and 
temporary or permanent parathyroidism in the immediate 
surgery group, was significantly higher than in the AS 
group. Therefore, the authors strongly recommend AS 
as the best option of clinical management for low-risk 
PTMC[8].

The concept of AS in the management of malignancies 
has stimulated intense clinical debate. AS was regarded 
as a long-term management strategy for patients, if 
clinical support systems are in place, and compliance 
with observation indications[9].The aggressiveness of 
PTMC and the deteriorating clinical status of patients 
should be considered potential challenges in AS, even if 
thyroidectomy could help reduce the risks[10]. Al-Qurayshi 
et al.[11] retrospectively evaluated the risk of PTMC in 
30,180  patients with 19% of advanced features who 
underwent surgeries in the United States from 2010 to 2014. 
The association of pathological features, epidemiologic 
factors, and pathologic features with overall survival was 
analyzed. The authors suggested that lobectomy should be 
recommended as a diagnostic and therapeutic intervention 
for PTMC patients even without extrathyroid, lymph 
node, or distant metastasis to avoid further risk of delayed 
treatment[11].

Choosing AS or surgery as the treatment has always 
been a debatable topic among the PTMC patients, mainly 
because there is a potential bias in the treatment selection 
process. In this case, the patient had a 1 mm tumor in the 
left thyroid with skip lymph node metastasis. However, a 
microcarcinoma <3  mm in size may be undetectable on 
routine pathological examination, even if the entire thyroid 
gland is examined. Moreover, some PTCs may present with 
intratumoral fibrosis, which is associated with increased 
incidences of both extrathyroidal invasion and lymph 
node metastasis[12]. In many cancers, a single microscopic 
tumor cell is adequate to cause the loss of life. Therefore, 
treatment decisions based only on tumor size, age, family 
history, or imaging of low-risk PTMC are insufficient. 
To address this issue, genetic testing offers an approach 
to identify whether the PTMC has a metastatic potential 
and to provide details to aid in tumor classification and 
individualized management planning. The genetic testing 
showed that patient was positive for CCDC6-exon 1-RET-
exon 12 fusion (RET/PTC1). At present, 19 possible 
RET/PTC rearrangements of oncogenic genes have been 
reported, which are the result of the fusion of domains with 
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Figure 2. Integrative Genomics Viewer visualization of CCDC6-RET fusion in whole-genome sequencing data.
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Figure  1. (A-C) Neck-chest computed tomography showed that there was no thyroid mass and massive lymph node enlargement; (D-E) enlarged 
right cervical lymph nodes before and after surgical resection; (F) Enlarged right cervical lymph node under hematoxylin and eosin (HE) staining; 
5× magnification; (G) Lymphocytic thyroiditis in the right thyroid lobe and isthmus under HE staining; 5× magnification; (H) Left papillary thyroid 
microcarcinoma (1 mm) under HE staining; 5× magnification.
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different genes[13,14]. They are characterized by the presence 
of protein-coding nucleotide sequences with a high 
probability of helix-helix domain formation, thus allowing 
the constitutive dimerization of the RET-TK domain[15]. 
This dimerization in microcarcinoma plays a driving role in 
the tumoral transformation[16]. Recent studies have shown 
that patients with such rearrangements have an 8-fold 
increased risk of developing lymph node lesions compared 
with those patients without rearrangements[17]. The result 
of our patient also supports this hypothesis. Genetic 
testing of RET/PTC fusions in PTMC may influence the 
decision on the extent of thyroidectomy and lymph node 
dissection[18], but this theory needs to supported by longer 
follow-up studies of higher quality.

With the emergence of gene chips and next-generation 
sequencing technology, genetic testing will play an 
important role and have an impact on clinical surgery 
decisions in the management of PTMC. González et al. 
established a diagnostic model consisting of 10 genes. 
The diagnostic sensitivity and specificity of the model 
for benign and malignant indeterminate nodules were 
93% and 81%, respectively. The positive predictive value 
of the model was 78%, and the negative predictive value 
was 98%, as shown in a multi-center study[19]. Three 
molecular diagnostic tools, namely, Thygenx/Thyramir, 
Positive GSC, and Thyroseq V3, have been successfully 
translated into clinical applications, demonstrating high 
sensitivity and corresponding high negative predictive 
values for Bethesda Categories III and IV indeterminate 
nodules[20-22].

In summary, with technological innovation, 
individualized diagnosis and prognosis will be the 
direction of basic research on PTMC. The patient is 
currently on conventional treatment regimens, after the 
genetic testing results on RET/PTC rearrangement were 
known. LOXO-292 treatment would be an optimal option 
if the disease progresses. An ongoing Phase I/II clinical 
trial demonstrated that LOXO-292, a highly selective RET 
inhibitor, has a strong antitumor activity in RET-fusion-
positive patients[23].

4. Conclusion
The selection of the most appropriate treatment for PTMC 
patients, after considering the trade-off between their 
benefits and risks, has become the focus of attention. 
The obscure mechanism underlying the metastasis of 
thyroid carcinoma poses difficulty in diagnosis and 
treatment development. Nevertheless, thyroid oncogene 
microarray and next-generation sequencing technology 
have significantly improved the accuracy of the pre-
operative diagnosis of thyroid cancer. Therefore, to avoid 

overtreatment and under treatment, we suggest that genetic 
testing should be performed for PTMC patients because 
the test results can assist in deciding the appropriate 
treatments, such as surgery or AS.
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Abstract
Multisystem inflammatory syndrome in adults (MIS-A) is a known complication 
arising after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection 
or vaccination. However, longitudinal extensive transverse myelitis (LETM), which 
is a neurological manifestation of MIS-A, is rarely reported among individuals after 
SARS-CoV-2 infection or vaccination. Here, we present a case of a 38-year-old female, 
with a history of SARS-CoV-2 infection in May 2021 and subsequent SARS-CoV-2 
vaccination (on November 1, 2021; COVISHIELD™, ChAdOx1 nCoV-19 Corona Virus 
Vaccine), who presented with acute flaccid quadriparesis with bowel and bladder 
involvement since December 26, 2021. While being treated in the hospital, she 
developed fever, rash, shock, myocarditis, breathlessness, jaundice, and acute kidney 
injury. Magnetic resonance Imaging revealed LETM. She was negative for SARS-CoV-2 
infection and showed raised in SARS-CoV-2 antibody titer. Thus, she was diagnosed 
as having MIS-A with LETM and managed with Intravenous Immunoglobulin, 
antibiotics, hemodialysis, and steroids with improvement. 

Keywords: Severe acute respiratory syndrome coronavirus 2; Multisystem inflammatory 
syndrome in adults; Vaccination; Flaccid quadriparesis; Longitudinal extensive 
transverse myelitis

1. Background
Multisystem inflammatory syndrome shares an inexplicable link with severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2). Multisystem inflammatory 
syndrome in children (MIS-C) following SARS-CoV-2 infection was first described in 
May 2020[1,2], whereas the first case of multisystem inflammatory syndrome in adults 
(MIS-A) following SARS-CoV-2 infection was described in October 2020[3].

The invention of a viable SARS-CoV-2 vaccine was first announced in December 
2020, marking a monumental milestone in our battle against SARS-CoV-2 infection, 
and following that, a series of vaccines developed in the USA, the UK, Russia, India, and 
China were rolled out, whose ability in conferring protective immunity had been clinically 
tested. COVISHIELD™, ChAdOx1 nCoV-19 Corona Virus Vaccine is one of the principal 
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vaccines widely used in India. Nonreplicating adenovirus 
is used in COVISHIELD™ to express SARS-CoV-2 spike 
protein, which is presented to the antigen-presenting cells 
of the host[4]. Various hypotheses have been proposed to 
delineate the exact mechanisms causing immune-mediated 
neurological complications following SARS-CoV-2 
vaccination, and among them, molecular mimicry is 
recognized as the most plausible mechanism[5]. Components 
of the adenovector-based SARS-CoV-2 vaccine can activate 
an unregulated inflammatory cascade, which damages 
the brain and peripheral nerves[5]. In adenovector-based 
SARS-CoV-2 vaccines, the SARS-CoV-2 spike protein may 
also act as an autoantigen, with the adjuvants enhancing 
the immune reactivity further[5]. MIS-A after SARS-CoV-2 
vaccination is an extremely rare complication[6-8]. 
According to the definition by Center for Disease Control 
and Prevention (CDC), USA, MIS-A encompasses a 
spectrum of new-onset neurological manifestations, 
such as encephalopathy, seizures, signs of meningeal 
irritation, and peripheral neuropathy like Guillain–Barre 
syndrome; the presence of these manifestations constitutes 
the secondary clinical criteria of MIS-A. Longitudinally 
extensive transverse myelitis (LETM) is regarded as a rare 
complication after SARS-CoV-2 vaccination[8,9]. Thus far, 
only one case has been described, establishing LETM as 
a neurological complication of MIS-C after SARS-CoV-2 
infection[10]. Here, we report a case of MIS-A with LETM 
after SARS-CoV-2 vaccination in an adult woman.

2. Case presentation
A 38-year-old female was presented at our hospital with 
acute-onset progressive flaccid quadriparesis on December 
26, 2021, which had progressed for more than 36 h with 
sign of sensory paresthesia up to lower abdomen with 
bladder and bowel involvement, accompanied by urinary 
retention and bowel incontinence. This patient has a 
medical history of hypothyroidism in the last 5 – 6 years 
but has not been on regular medication. She also has a 
history of mild SARS-CoV-2 infection in May 2021 from 
which she recovered in 2 weeks, and received the second 
dose of SARS-CoV-2 vaccine (COVISHIELD™, ChAdOx1 
nCoV-19 Corona Virus Vaccine) on November 1, 2021. 
She had breathing difficulty since December 28, 2021, 
requiring ventilator support, and faced severe hypotension 
necessitating ionotropic support in the form of injection 
noradrenaline and vasopressin. There was no immediately 
preceding history of fever, headache, photosensitive 
rashes, or recurrent orogenital ulcers. The patient showed 
a history of low-grade fever in November after SARS-
CoV-2 vaccination for which she took intermittent 
non-steroidal anti-inflammatory medication. Dietary, 
family, psychosocial, family, and obstetric history was 

noncontributary. Physical examination revealed that the 
patient had pulse rate of 130/min, blood pressure of 120/86 
mmHg on injection noradrenaline infusion, and breathing 
rate of 26 breaths/min. With the aid of an oxygen face mask 
administering oxygen at 8 L/min, her oxygen saturation was 
maintained at 98%. Neurologically, Glasgow–Coma scale 
(GCS) was 15/15. Higher mental functions and cranial nerve 
findings of the patient were normal. An examination of her 
motor system revealed that she had flaccid quadriparesis 
with medical research council (MRC) grade 4+/5 power in 
upper limbs and MRC grade 0/5 power in lower limbs. All 
reflexes were absent and plantars were mute. She had reduced 
sensation to touch, pain, and temperature below umbilicus, 
which was more pronounced in the lower back and lower 
limbs. Blood investigations revealed polymorphonuclear 
leukocytosis, thrombocytopenia, acute kidney injury, acute 
liver injury, and disseminated intravascular coagulation. 
Reverse-transcription polymerase chain reaction (RT-PCR) 
test for SARS-CoV-2 was negative. Table  1 presents the 
results of preliminary investigations.

Chest X-ray showed features of acute respiratory 
distress syndrome. 2D echocardiography showed global 
left ventricular hypokinesia with left ventricular ejection 
fraction (LVEF) of 40 – 45%. The level of N-terminal 
pro B type natriuretic peptide (NT Pro-BNP) was found 
to exceed 70000  pg/mL. Within 1  day of admission, 
she became febrile but testing of viral markers and 
tropical fever showed negative results. The patient also 
had a normal vasculitis profile and serum angiotensin-
converting enzyme (ACE) level, but the levels of serum 
inflammatory markers, such as C-reactive protein (CRP), 
interleukin-6 (IL-6) and procalcitonin, were raised. Total 
SARS-CoV-2 antibody titer, measured by ELISA, was 
2816 IU/mL (normal <1000 IU/mL). On January 2, 2022, 
she developed maculopapular rash over the angle of mouth 
and the face. In view of the presence of cardiac illness, 
rashes, new-onset neurological signs and symptoms, 
shock, thrombocytopenia, as well as raised CRP, IL-6, 
procalcitonin, and SARS-CoV-2 antibody levels, she was 
diagnosed as having MIS-A with underlying sepsis.

Accordingly, the patient was treated with mechanical 
ventilation, ionotropic support in the form of noradrenaline 
injection, intravenous immunoglobulin (IVIG) 2  g/kg 
over 5  days since January 2, 2022, intravenous broad-
spectrum antibiotics, and hemodialysis, along with other 
supportive management. Contrast-enhanced computed 
tomography of chest and abdomen conducted on January 
6, 2022, revealed diffuse ground-glass opacity and 
consolidation in the bilateral lung field involving perihilar, 
peripheral, and bilateral upper lobes. An analysis of the 
patient’s cerebrospinal fluid revealed albumin-cytological 
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dissociation. On the other hand, nerve conduction study 
revealed pure motor involvement in both upper and lower 
limbs, and magnetic resonance imaging (MRI) of the 
brain and spine performed on January 11, 2022, revealed 
minimal sub-arachnoid hemorrhage in left Sylvian fissure 
and long segment altered signal intensity from C6 to conus 
medullaris, which was suggestive of LETM. Figure 1 shows 
an MRI image displaying LETM in cervico-dorsal cord. 
Further tests showed that the patient was negative for 

serum neuromyelitis optica and myelin oligodendrocyte 
glycoprotein antibody.

In view of less-than-satisfactory neurological recovery, she 
was further treated with pulse intravenous methylprednisolone 
1 g for 5 days during January 15–19, 2022, followed by oral 
prednisolone taper. Hemodialysis treatment was indicated 
for her for 1 month since she had anuric acute kidney injury, 
and her renal functions improved gradually over 1 month. 

Table 1. Results of preliminary investigation

December 27, 2021 December 28, 2021; 
morning

December 28, 2021; 
evening

December 29, 2021

Hemoglobin (mmol/L) 1.61 1.49 1.63 1.64 

Total leukocyte count (/L) 11.01×109 13.7×109 19.9×109 18.9×109

Differential leukocyte count P73L20% P95L3.5% P95L5%, P93L4%

Platelets (/L) 176×109 68×109 70×109 44×109

Blood urea nitrogen (mmol/L) 5.71 / 12.5 12.5

Creatinine (μmol/L) 64.5 / 348.3 384.5 

Total bilirubin/direct (μmol/L) / 80.5/34.9 / 122.8/74.9 

SGOT/SGPT (μKat/L) 0.4/0.33 2.09/0.9 7.02/3.32 7.6/3.39

Sodium/potassium/calcium (mmol/L) 139/4.05/7.7 136/4.1/7.6 132/3.6/7.5 139/3.9/7.7

PT/APTT/INR (s) / / 22.7 (13.6)/70 (33)/1.71 34.3 (13.6)/79.8 (33)/2.64

D dimer/Fib / / / >Max/‑

Peripheral blood smear / / Normocytic macrocytes,
schistocytes and
no toxic granules

/

Urine routine and culture / Normal/no growth / /

Blood culture / No growth / /

Miscellaneous • �Serum porphyrins: 
negative

• CPK: normal
• ABG: normal
• �Thyroid function test: 

normal
• �RT‑PCR for 

SARS‑CoV‑2: negative

• U1‑nRNP/Sm: negative
• Sm: negative
• SS‑A: negative
• Ro‑52: negative
• SS‑B/La: negative
• Scl‑70: negative
• Pm‑Scl: negative
• Jo‑1: negative
• CENP‑B: negative
• PCNA: negative
• dsDNA: negative
• ANA (IF) : negative
• cANCA/pANCA: negative

• CSF‑Cells‑02
• �Glucose (CSF/serum): 

1.14/2.56 mmol/L
• Protein: 1050 mg/L,
• Stains: negative
• �COVID antibody 

(total): 2816 IU/mL 
(normal<1000 IU/mL)

• �Spot urine protein: 495 
mg/dl

• ABG: respiratory alkalosis
• CPK: 316 U/L
• CPK‑MB: 0.43 μKat/L
• �Dengue/malaria/typhoid/

leptospira/scrub typhus/
lyme: negative

• �NT‑ProBNP: >8260 
pmol/L

• Procalcitonin: >200 ng/mL
• CRP: 1240 mg/L
• �HBsAg/Anti HCV/HIV/

VDRL: negative
• USG (W/A): normal
• �2D echocardiography: 

global left ventricular 
hypokinesia

• LVEF: 45%

Note: /: Not done.  Abbreviations: ABG: Arterial blood gas; ANA: Antinuclear antibody; ANCA: Antineutrophilic cytoplasmic antibody; APTT: 
Partial thromboplastin time–activated; cANCA: ANCA that targets proteinase 3; CRP: C‑reactive protein; CSF: Cerebrospinal fluid; CPK: Creatine 
phosphokinase; dsDNA: Double‑stranded DNA; HBsAg: Hepatitis B surface antigen; HCV: Hepatitis C virus; HIV: Human immunodeficiency virus; 
INR: International normalized ratio; LVEF: Left ventricular ejection fraction; pANCA: ANCA that targets myeloperoxidase; PCNA: Proliferating cell 
nuclear antigen; PT: Prothrombin time; RT‑PCR: Reverse‑transcription polymerase chain reaction; SGOT: Serum glutamic‑oxaloacetic transaminase; 
SGPT: Serum glutamic‑pyruvic transaminase; USG (W/A): Ultrasonography of whole abdomen; VDRL: Venereal disease research laboratory test.
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Overall, the patient started recovering after IVIG was applied. 
Inotropes were tapered off on January 5, 2022, and she was 
extubated on the same day. The patient regained MRC 5/5 
power in both upper limbs and MRC 2/5 power in both 
lower limbs and was able to sit with support after 1 month. 
In addition, her bowel function and bladder sensation 
improved after 1 month. Table 2 presents the results of the 
follow-up investigations. Informed consent was taken from 
the patient before submitting this case report.

3. Discussion
To the best of our knowledge, LETM has never been 
reported as a neurological manifestation of MIS-A after 
SARS-CoV-2 infection or vaccination. Here we present 

a case of LETM as a neurological manifestation of MIS-A 
after SARS-CoV-2 vaccination. The case satisfied the 
diagnostic criterion of MIS-A and also had LETM as 
a neurological manifestation. This patient was initially 
diagnosed as having sepsis with septic shock and multi-
organ dysfunction. However, the diagnosis of sepsis was 
instantly ruled out given the constellation of symptoms and 
rapid response to immunotherapy. For differential diagnosis 
purposes, we also examined other causes of LETM, such as 
vasculitis, neuromyelitis optica, and myelin oligodendrocyte 
glycoprotein-related demyelination, which were however 
found to be negative in this patient. After ruling out all types 
of infections, including SARS-CoV-2, as the contributory 
factors of LETM, we considered vaccination a plausible 
cause given the elevated SARS-CoV-2 antibody levels. As 
the patient caught the SARS-CoV-2 infection approximately 
7 months before consulting us in the hospital, we believe it is 
more convincing to attribute SARS-CoV-2 vaccination to the 
development of LETM and MIS-A, taking into account the 
recent vaccination 8 weeks before her visit to our hospital. 
However, despite this speculation, a recent yet undiagnosed 
SARS-CoV-2 infection cannot be ruled out completely.

4. Conclusion
At present, there are no other cases reported in literature 
corroborating LETM as a neurological manifestation 
of MIS-A after SARS-CoV-2 infection or vaccination; 
therefore, it is challenging to reach a definitive conclusion 
on this topic. As the SARS-CoV-2 pandemic waxes and 

Table 2. Results of the follow‑up investigations

January 13, 
2022

January 21, 
2022

January 31, 
2022

February 4, 
2022

February 8, 2022

Hemoglobin (mmol/L) 1.1 1.66 1.64 1.30 1.33 

Total leukocyte count (/L) 10.16×109 11.0×109 16.6×109 16.9×109 8.54×109

Differential leukocyte count P73L20% P76L21% P94L21% P90L8% P80L16%

Platelets (/L) 422×109 323×109 220×109 168×109 248×109

Blood urea nitrogen (mmol/L) 76.0 38.9 / 36.05 28.9

Creatinine (μmol/L) 619.7 381.9 / 263.4 127.3

Total bilirubin (μmol/L) 14.9 13.0 9.40 10.9 9.91 

SGOT/SGPT (μKat/L) 1.26/0.78 0.81/0.63 0.34/0.36 0.53/0.73 0.35/0.46

Sodium/potassium (mmol/L) 133/5.5 138/5.2 128/5.5 133/3.9 131/4.3 

PT/APTT/INR (s) 19.2/180/1.5 / 13.3/‑/0.98 16.1/<min/1.2 /

D dimer/Fib / / / 12.90 mg/L /

Peripheral blood smear / / No toxic granules / /

2D echocardiography / / / / • Normal left ventricular function
• No regional wall motion abnormality

• LVEF: 60% 

Note: /: Not done.  Abbreviations: APTT: Partial thromboplastin time–activated; INR: International normalized ratio; LVEF: Left ventricular ejection fraction; 
PT: Prothrombin time; SGOT: Serum glutamic‑oxaloacetic transaminase; SGPT: Serum glutamic‑pyruvic transaminase.

Figure  1. Longitudinally extensive transverse myelitis from the C6 
segment to conus medullaris in the cervico-dorsal cord.

https://doi.org/10.36922/gpd.1320


Volume 2 Issue 3 (2023)	 5� https://doi.org/10.36922/gpd.1320

Gene & Protein in Disease MIS-A with LETM after SARS-CoV-2 vaccine

wanes with majority of population having access to 
vaccines, vaccine-related adverse events are gradually 
emerging. Various reports of Guillain-Barre syndrome, 
transverse myelitis, encephalitis, meningitis, Bell’s palsy, 
and hemorrhagic strokes, CNS demyelination, myasthenic 
syndromes, and MIS-A have emerged after SARS-CoV-2 
vaccination[11-14]. Our case report provides insights to 
aid further investigation on this topic. Based on the 
case presented here, the onset of MIS-A with LETM 
occurs following SARS-CoV-2 vaccination. However, 
the potential association between vaccination and these 
symptoms should not dissuade us from vaccination, which 
regardless has proven to be a protective approach against 
SARS-CoV-2 infection.
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