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Abstract 

Circulating insulin-like growth factor-1 (IGF-1) has a role in stroke and maintenance of 

cognition. Therefore, biomarkers for circulating IGF-1 function may assist the monitoring and 

prognosis of stroke recovery and progression of cognitive impairment in diseases, such as 

Parkinson’s disease (PD). Current biomarkers for IGF-1 function are not reliable and an 

alternative is cyclic-glycine-proline (cGP)/IGF-1 molar ratio, which potentially could be 

applied to neurological conditions. This thesis investigates the relationship of plasma cGP/IGF-

1 with stroke recovery and cognitive impairment in PD. The oral bioavailability of cGP-rich 

blackcurrant anthocyanin (BCA) is also investigated.  

The concentration of cGP, IGF-1 and insulin growth factor binding protein-3 (IGFBP-3) were 

measured using ELISA and HPLC-MS in: 1) plasma collected from stroke patients (n = 34) 

within 3 days of stroke onset (baseline), 7 days and 90 days after stroke and controls. 2) plasma 

from PD patients across the range of cognitive function, normal cognitive function (PD-N, n = 

74), mild cognitive impairment (PD-MCI, n = 71) and dementia (PD-D, n = 33), and controls 

(n = 23). And 3) plasma and cerebrospinal fluid (CSF) from idiopathic PD patients with normal 

cognition (n = 10) before and after a 28-day supplementation with BCA.  

In stroke patients, baseline cGP/IGF-1 was lower compared to the controls, then gradually 

increased over the initial 90 days of stroke recovery, paralleled with improved neurological 

scores. High baseline cGP/IGF-1 predicted improved NIHSS score. In PD, plasma cGP/IGF-1 

was positively associated with age in PD-N and negatively associated with age in PD-D. 

Plasma IGF-1 or IGF-1/IGFBP-3 did not change during stroke recovery and had no altered 

relationship with age in PD. Following the BCA supplementation, CSF cGP increased by 

around 20 %. 
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These data suggest plasma cGP/IGF-1 molar ratio as a new biomarker for circulating IGF-1 

function and its potential application to stroke and cognitive status in PD. Given that stroke 

and cognition are closely related to cerebrovascular function and integrity, this biomarker may 

be applicable to other neurological conditions with changes in cerebral vascular function. cGP 

is oral bioavailable. These findings would benefit from replication in larger cohorts with longer 

follow-up. 
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Chapter 1 – Introduction 
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1 Introduction 

 Biomarker 

A biomarker is defined as a characteristic that can be objectively measured and 

evaluated as an indicator of physiological processes, pathological processes or 

pharmacological responses to a therapeutic intervention (Biomarkers Definitions 

Working Group, 2001). The very common clinical biomarkers are blood pressure and 

glucose levels. Brain images have also been used as a biomarker showing pathological 

changes in the brain without an autopsy to assist the diagnosis of neurodegenerative 

diseases (Shimizu et al., 2018). In the era of molecular biology, biomarkers usually 

are referred to as molecular biomarkers, measurable alterations on DNA, RNA, protein 

and metabolite levels. 

1.1.1 Sources of biomarkers for neurological conditions 

Several sources can provide information on alterations of molecular levels, such as 

body fluid, tissues and brain images. Body fluids such as plasma, serum, cerebrospinal 

fluid (CSF) and urine are commonly used for the identification of biomarkers. 

Compared with the collection of CSF, it is easier and less invasive to collect blood and 

it is more acceptable for patients to collect blood than CSF. The collection of urine 

samples has no risk and is non-invasive. Moreover, patients with a good motor and 

cognitive function can collect urine themselves. Nevertheless, many patients with 

neurological conditions such as stroke and dementia suffer from seriously impaired 

motor and cognitive function. Therefore, it is not convenient for these patients to 

provide urine samples and for researchers to study urine biomarkers. Additionally, 
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saliva and peripheral tissue have also been used to find biomarkers (Beach et al., 2016; 

Walton, 2018), but they are not as common as blood in neurological conditions.  

1.1.2 Characteristics of an ideal biomarker  

The characteristics of an ideal biomarker for reflecting a change in pathological or 

clinical trait X (Michell et al., 2004): 

• should be specific to a change in X 

• must be sensitive so that even small changes in X can be reflected 

• changes linearly responding to a change in X 

• its measurements should be reproducible at a different time or in a different 

center 

An ideal biomarker also should be easy to measure and give a quick and reliable 

readout. 

 

1.1.3 Application of biomarkers  

In clinical practice, reliable biomarkers would contribute to diagnosis and prognosis 

of diseases, monitoring disease progression and treatment, and thus guiding 

subsequent therapy or clinical care. For example, the availability of molecular 

biomarkers would facilitate the diagnosis of psychiatric disorders which is currently 

based on symptoms and interview-based communications (Filiou & Turck, 2011). For 

another example, the evaluation of stroke prognosis is usually based on the judgment 

of the assessing doctor. However, evidence has shown that clinicians are often over-

optimistic about recovery, with only 65% of patients who are predicted to recover 
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gaining independence by one year after stroke (Counsell et al., 2004). Therefore, it is 

necessary to exploit other tools, such as biomarkers, to assist the doctors in the 

prediction of stroke recovery. Reliable predictions about stroke outcomes can provide 

clinicians with guidance to make decisions about medical treatment and patient 

management as well as allowing assessment of the performance of stroke services. 

Cognitive impairment in Parkinson’s disease (PD) patients is now a recognized 

primary problem affecting patient and carer well-being (Jones et al., 2017; Lawson et 

al., 2014). A reliable plasma biomarker for predicting and tracking the changes of 

cognitive status may assist to identify those at greater risk of developing cognitive 

impairment, and thereby the window of opportunity for suitable intervention.  

For intervention study, changes in biomarkers can give us a hint about the effects of 

certain treatment or supplementation. For example, a recent clinical study in 

Alzheimer's disease (AD) patients measured changes of biomarkers of oxidative stress 

and inflammation such as nitric oxide and C-reactive protein to indicate the effects of 

12-weeks supplementation of probiotic (Akbari et al., 2016). In addition, biomarkers 

can predict the likelihood that a patient will benefit from an intervention. For example, 

a RAS mutation in the tumor can predict lack of benefit from anti-epidermal growth 

factor receptor (EGFR) therapy in colorectal cancer (Allegra et al., 2009; Douillard et 

al., 2013). Therefore, patients with this mutation do not have a response to anti-EGFR 

therapy. Identifying the patients who are lack of benefit from intervention can assist 

physicians to choose different treatment, improve outcomes and decrease medical 

costs.  
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 The IGF family 

The family of IGF consists of two polypeptides, IGF-1, the adult form, and IGF-2, the 

major fetal form (Bergman et al., 2013). This study focuses on evaluating a biomarker 

for IGF-1 function due to the interaction of cGP with IGFBP-3. cGP is a metabolite 

of IGF-1 and is not associated with IGF-2. Thus, IGF-2 is not reviewed. IGF-1 binds 

to IGF receptors (IGFRs) and insulin receptor, but only to IGF-1R with the highest 

affinity, to activate signalling pathways (Philippou, Maridaki, Pneumaticos, & 

Koutsilieris, 2014; Sherbet, 2011). To date, at least six distinct homologous IGF 

binding proteins (IGFBPs) classified as IGFBP 1-6 are identified and bind IGFs with 

higher affinities than that of IGFs to receptors (Duan & Xu, 2005; Fernandez & Torres-

Alemán, 2012; Kelley et al., 2002). They have been detected in various tissues 

including the brain (Fernandez & Torres-Alemán, 2012) and biological fluids, like 

plasma and CSF (Juul, 2003). IGFBP-3 is the most abundant IGFBP in blood, carrying 

75% or more of serum IGF-1 and IGF-2 (Binoux, 1995; Firth & Baxter, 2002). These 

binding proteins translocate IGF-1 to targeting tissues and protect IGF-1 from being 

metabolized (Duan & Xu, 2005; Kelley et al., 2002). However, IGFBP-3 prevents 

IGF-1 from activating its receptor due to a higher affinity with IGF-1 than IGF-1R 

(Fernandez & Torres-Alemán, 2012). Whether other IGFBPs are involved in 

regulating circulating IGF-1 bioavailability is not clear. The regulation of IGF-1 

function has been mainly described in 1.5.1. 

IGF-1 function is mediated through activating IGF-1 receptors, which is widely 

distributed in the CNS, with the highest levels in cerebral vessels and choroid plexus 

of the adult brain (Fernandez & Torres-Alemán, 2012). The binding to α sub-units of 

IGF-1R phosphorylates the β sub-units, which triggers its downstream signal cascades 

leading to IGF-1 induced function (Laviola et al., 2007). For example, the activation 
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of IGF-1R in vessels can modulate cerebral vascular remodeling, maintain cerebral 

vascular function and offer vascular protection from injury (Bach, 2015; Guan et al., 

2014; Lopez-Lopez et al., 2004). The vascular protection of IGF-1 has been suggested 

to be the underlying mechanism of stroke recovery (Zhu et al., 2008). The receptor in 

vessels and choroid plexus is also related to the transportation of unbound IGF-1 

released from binding proteins in plasma into the brain (Fernandez & Torres-Alemán, 

2012; Nishijima et al., 2010). 

In blood and the brain, unbound IGF-1 enzymatically breaks down into des (1-3) N-

IGF-1 and N-terminal tripeptide GPE, which is the key binding site for interaction 

between IGF-1 and IGFBPs (Guan et al., 2015; Yamamoto & Murphy, 1995). GPE 

does not interact with the IGF-1 receptor (Sara et al., 1989). Although GPE was 

initially considered a non-bioactive by-product of IGF-1, exogenous application of 

GPE has shown a neuroprotective effect in the rat model of PD and ischemic stroke 

(Guan et al., 1999; Guan, Krishnamurthi, et al., 2000; Guan & Gluckman, 2009). 

However, its clinical practice is limited since GPE has a very short half-life time due 

to the enzymatic instability (Batchelor et al., 2003). GPE exists as an 80:20 trans: cis 

isomeric mixture (Figure 1.1) and the cis isoform of GPE is further rapidly 

metabolized into single amino acids and dipeptides including cGP (Guan et al., 2015; 

Guan & Gluckman, 2009).  
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Figure 1.1 The trans and cis isoform of GPE  

 

cGP has been isolated from adult rat brain tissue (Gudasheva et al., 1996) and is also 

present in rat milk and plasma (Singh-Mallah et al., 2016). In contrast to IGF-1 and 

GPE, cGP is a relatively small peptide with cyclic structure (Figure 1.2) and thus has 

improved paracellular permeability and resistance to enzymatic breakdown (Guan et 

al., 2015).  

 

 

Figure 1.2 The chemical structure of cGP 

 

Moreover, the concentrations of cGP analog, cGly-2allyl-Pro, in CSF from normal 

rats were found similar to those in plasma after single intravenous injection, 

suggesting the central uptake of cGly-2allyl-Pro is independent of injury and easy to 

access to the CNS (Guan et al., 2007). It is recently reported that the bioactivity of 

cGP is mediated through regulating IGF-1 bioavailability by interfering with IGF-1      

binding to the IGFBP-3 (Guan et al., 2014).  



Chapter 1 – Introduction 

7 

 The role of IGF-1 in stoke and cognitive impairment 

1.3.1 IGF-1 in stroke  

1.3.1.1 Stroke and its recovery 

Traditionally, stroke is defined based on the acute focal neurological dysfunction by a 

vascular cause including infarction or hemorrhage in the CNS (Hankey, 2017). An 

updated definition is an acute episode of focal dysfunction in the CNS with more than 

24 hours, or any duration if imaging or autopsy show focal infarction or hemorrhage 

related to the symptoms (Sacco et al., 2013). According to pathology, there are two 

subtypes of stroke including ischemic stroke and hemorrhagic stroke (Hankey, 2017). 

The majority of strokes are ischemic and have a multitude of possible causes and 60% 

of ischemic strokes result from obstruction of a blood vessel caused by a locally-

formed blood clot and about 25% are attributed to obstruction by an embolus from 

elsewhere in the body (Mohr et al., 2011). The etiological subtypes classification of 

ischemic stroke is generally according to the Trial of Org 10172 (danaparoid sodium, 

low molecular weight heparinoid)  in Acute Stroke Treatment (TOAST) criteria, the 

ASCOD phenotyping system (A: atherosclerosis; S: small-vessel disease; C: cardiac 

pathology; O: other cause; D: dissection), and the Causative Classification System 

(Hankey, 2017). The most effective early treatment for acute ischemic stroke is 

recombinant tissue plasminogen activator (tPA), which aims to timely restore blood 

flow in patients so that long-term morbidity is reduced (Powers et al., 2015). However, 

tPA intervention has a short window opportunity of a few hours after the onset of 

stroke. Mechanical thrombectomy has also been adopted to remove a blood clot from 

a blood vessel. When patients are clinically stable after stroke, they are often 

transferred for rehabilitation to experience a progressive, dynamic, goal-oriented 
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process aimed at enabling a person with impairment to reach their optimal functional 

level (Richards et al., 2015). A common impairment after stroke is motor impairment 

and the recovery of motor function after stroke is crucial for the patient to regain 

independence (Langhorne et al., 2009).  

Stroke recovery is a complex process that can last for months or years after stroke 

(Langhorne et al., 2011). Many surviving patients make at least a partial recovery in 

function over the first 3 months, a critical period for the recovery (Lee et al., 2015). 

Spontaneous recovery referring to the ‘self-made’ recovery particularly during the first 

3 months after stroke is an important process involved in stroke recovery and begins 

hours after stroke onset (Langhorne et al., 2011). Several cohort studies suggest that 

recovery of motor functions is predictable in the first days after stroke (Mattlage et al., 

2016; Nijland et al., 2010; Stinear, 2017; Tang et al., 2014). It is likely to involve the 

ability of spontaneous recovery, which is partly, if not all, dependent on neurotrophic 

and neuroprotective factors, such as IGF-1 (Carro et al., 2003; Guan et al., 2015; 

Larpthaveesarp et al., 2015). The cellular events underlying spontaneous recovery 

including structural changes in axons, dendrites and synapses, angiogenesis, neuronal 

sprouting (Cramer, 2008). IGF-1 has been shown to be involved in these events (Dyer 

et al., 2016). After a three-month spontaneous recovery period, recovery slows down 

and reaches a plateau in three to six months after stroke (Richards et al., 2015). 

1.3.1.2 Evidence for the role of IGF-1 in stroke recovery 

  Administration of IGF-1 protects the brain from ischemic injury and improves 

sensory and motor functions in various stroke models (Guan et al., 2003). IGF-1 

accumulates around the blood vessels of damaged brain regions within a few hours 

after hypoxic-ischemic injury (Beilharz et al., 1998). The expression of IGF-1 is also 
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found increased in the brain tissue 1-5 days after hypoxic-ischemic (HI) brain injury 

in rats (Gluckman et al., 1992) and this may contribute to a partial recovery of sensory-

motor function (Guan et al., 2001). Timely administration of human recombinant IGF-

1 within 6 hours after hypoxic-ischemic injury reduces brain damage and improves 

long-term sensory-motor function (Gluckman et al., 1992; Guan et al., 1993, 2001; 

Guan, Gunn, et al., 2000). 

The precise mechanisms underlying the role of IGF-1 in stroke recovery are not totally 

clarified. IGF-1 in the blood is binding to receptors in the endothelial cells of brain 

vessels and could be internalized into the brain to protect neurons (Fernandez & 

Torres-Alemán, 2012). Alternatively, peripheral IGF-1 can act on brain vessels to 

protect neurons without entering the parenchyma (Bake et al., 2016).  

1.3.2 IGF-1 and cognitive function 

1.3.2.1 Cognitive impairment in PD 

Cognitive functions are mental processes related to gathering and processing 

information and it is well-known that normal people tend to have a decline in cognitive 

function during aging (Harada et al., 2013). Cognitive impairment is common in a 

range of neurological disorders, including stroke and PD. Although the cellular 

changes are thought to relate to cognitive impairment, increasing evidence shows that 

cerebrovascular changes have an influence on cognitive function in the general 

population and PD patients (Gorelick et al., 2011; Kapasi & Schneider, 2016; Malek 

et al., 2016; Pilotto et al., 2016). The main pathological features of PD are progressive 

loss of neurons within the substantia nigra and the presence of Lewy bodies and Lewy 

neurites (Kalia & Lang, 2015). The majority of PD cases are sporadic, having no 

specific known cause and only less than 10% of PD cases are familial and caused by 
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mutations in certain genes (Thomas & Beal, 2007). Recent studies also suggest a 

contribution of fungal infections to PD (Pisa et al., 2016, 2020). The clinical features 

during PD progression include both motor symptoms and diverse non-motor 

symptoms (Kalia & Lang, 2015). The diagnosis of PD is primarily based on the 

presence of motor symptoms in PD patients.  

Although the dominant features early in the disorder for most PD patients are motor 

symptoms, there is an increasing concern about non-motor symptoms in PD. Cognitive 

impairment in PD patients is now recognized as a primary problem affecting the well-

being of both patients and caregivers (Jones et al., 2017; Lawson et al., 2014). Mild 

cognitive impairment (MCI) is the stage between the expected cognitive decline in 

normal aging and the more serious cognitive impairment, dementia. In PD, mild 

cognitive impairment often occurs since the early stage of the disease with impairment 

of multiple cognitive domains (Santangelo et al., 2015). PD patients with MCI (PD-

MCI) are at increased risk of developing PD dementia (PD-D) (Wood et al., 2016). A 

large proportion of patients with MCI develop dementia in a relatively short period of 

time (Litvan et al., 2011).  

1.3.2.2 Evidence for the role of IGF-1 in the cognitive function 

Although the underlying mechanisms are not clear in cognitive dysfunction, studies 

have shown the actions of IGF-1 on cognitive function. Intracerebroventricular 

administration of IGF-1 to normal aged rats improved or restored age-related cognitive 

deficit (Markowska et al., 1998; Morel et al., 2017; Pardo et al., 2016). 

Intracerebroventricular administration of IGF-1 also increases the levels of 

neurogenesis in the hippocampal dentate gyrus where is related to learning and 

memory performance (Morel et al., 2017). Plasma unbound IGF-1 released from 
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binding proteins can enter CSF by a transcytosis process after binding to the IGF-1 

receptor in the choroid plexus (Fernandez & Torres-Alemán, 2012). It can also enter 

parenchyma through blood-brain barrier (Fernandez & Torres-Alemán, 2012). It has 

been found that the entry of IGF-1 into the brain parenchyma is through the interaction 

of IGF-1 receptors with low-density lipoprotein receptor-related protein-1 (Nishijima 

et al., 2010). Prolonged systematic administration of IGF-1 can also ameliorate 

cognitive impairment in endocrine IGF-1-deficient mice (Trejo et al., 2007) and 

improved spatial memory (Sonntag et al., 2005). On the contrary, inhibition of blood-

borne endocrine IGF-1 in adult and aged mice by inactivating IGF-1 production in the 

liver can lead to a decline of cognitive function (Svensson et al., 2006). 

Human clinical intervention studies show more direct IGF-1 effects on cognitive 

function in normal aging. People treated with daily growth hormone have increased 

circulating IGF-1 concentrations and improved cognitive functions compared to those 

in the placebo group (Vitiello et al., 2006). Given PD is an age-related neurological 

condition, the decline of IGF-1 with age might contribute to cognitive impairment in 

PD.  

 Current biomarkers under investigation for IGF-1 function in 

stroke and cognitive impairment 

Given the association of IGF-1 with the neurological conditions, biomarkers for IGF-

1 function could be applied to these neurological conditions. Thus, it is interesting to 

find reliable biomarkers for IGF-1 function. 

1.4.1 Plasma total IGF-1 

As mentioned above, only unbound IGF-1 is bioactive and associated with IGF-1 

function. Moreover, concentrations of circulating unbound IGF-1 cannot be measured 
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due to swiftly enzymatic breakdown and internalization mediated by receptors 

(Fernandez & Torres-Alemán, 2012; Fowlkes et al., 2004; Nishijima et al., 2010). 

Thus, circulating total IGF-1 has been investigated as a biomarker for IGF-1 function.  

Circulating total IGF-1 has been studied to predict recovery of stroke. A study of 42 

patients during rehabilitation after acute stroke found that circulating IGF-1 might 

predict functional performance during rehabilitation and ischemic stroke outcome due 

to a relationship between higher levels of IGF-1 and improvement in functional and 

cognitive scores (Bondanelli et al., 2006). Similarly, by measuring serum samples 

from 255 patients within six hours after stroke onset, another study showed that 

subjects with high IGF-1 levels had better neurological and functional outcomes at 

three months (De Smedt et al., 2011). Furthermore, a relationship between unfavorable 

outcomes and significantly decreased serum IGF-1 levels on admission was found in 

a study of 168 patients (Tang et al., 2014). Nevertheless, a study assessing functional 

outcome one year after ischemic stroke suggested that circulating IGFBP-3 but not 

IGF-1 levels had an association with functional outcome (Ebinger et al., 2015).  

Studies on the relationship between circulating IGF-1 and cognition in PD patients are 

just at the beginning stage. Although these studies show a negative correlation of 

circulating IGF-1 with cognitive function in PD (Ma et al., 2015; Picillo et al., 2017),  

most human observational studies measuring circulating IGF-1 concentrations have 

mixed results on the correlation of circulating IGF-1 with cognitive function in general 

population (Frater et al., 2017). Thus, it is still doubtable regarding the relationship 

between circulating IGF-1 and cognitive function in PD. New biomarkers could better 

reflect the change of circulating IGF-1 function. 
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1.4.2 Plasma IGF-1/IGFBP-3 

The bioactivity of IGF-1 in blood is related to the amount of free IGF-1 and 

displacement of endogenous IGF from the binding proteins can elevate levels of free 

IGF-1 and is biologically active in both in vitro and in vivo studies (Liu et al., 2001). 

Moreover, it is well known that the bioavailability of IGF-1 is regulated by IGFBPs 

(Duan & Xu, 2005; Salehi et al., 2008). Thus, the total IGF-1/IGFBP-3 molar ratio 

may be a measure of bioactive IGF-1. Indeed, this ratio has been analysed in clinical 

studies to evaluate the bioavailability of IGF-1 (Huang et al., 2015; Vardy et al., 2007). 

In stroke,  patients with a high total IGF-1/IGFBP-3 molar ratio within six hours after 

stroke onset also shows a better neurological and functional outcomes at three months 

(De Smedt et al., 2011). However, this ratio does not consistently represent IGF-1 

function because the majority of IGFBP-3 is not associated with plasma IGF-1. Using 

a mathematical analysis, Guan et al. (2018) estimate the bound and unbound forms of 

IGF-1, cGP and IGFBP-3 in the plasma (Guan et al., 2018). They found the majority 

of IGF-1 and cGP are in the bound form suggesting most plasma IGFBP-3 is unrelated 

to plasma IGF-1. Indeed, IGFBP-3 also transports IGF-2 and has IGF-independent 

actions (Ranke, 2015). 

 Taken together, current biomarkers for IGF function are not reliable and new 

biomarkers of its function are needed for the advancement of our understanding of the 

role of IGF-1 in neurological conditions. 
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 Plasma cGP/IGF-1 ratio could be a potential biomarker for 

IGF-1 function  

1.5.1 Regulation of IGF-1 function  

The IGF-1 function depends on IGF-1 bioavailability and is regulated through 

endocrine, paracrine and autocrine regulation to maintain the homeostasis of IGF-1 

function.  

1.5.1.1 Endocrine and paracrine regulation  

IGF-1 production is regulated through the endocrine and paracrine regulation. In 

plasma, growth hormone (GH) regulates the IGF-1 production in liver through GH-

IGF-1 axis that promotes or inhibits IGF-1 liver production through JAK-STAT 

pathway. In brain, GH also regulated IGF-1 production in all types of brain cells, 

known as paracrine IGF-1 (Fernandez & Torres-Alemán, 2012). Local IGF-1 in the 

brain promotes neural precursors, neurogenesis and gliogenesis during brain 

development (Ajo et al., 2003). Prolactin is also involved in the expression of IGF-1 

demonstrated in the brain tissues of human foetuses (Pathipati et al., 2011). 

GH concentration declines from adulthood. IGF-1 production mediated through 

endocrine and paracrine regulation decreases and results in the decline of plasma 

concentration of IGF-1. The following section describes the role of autocrine 

regulation by cGP and IGFBP-3 on improving the amount of bioavailable IGF-1, thus 

IGF-1 function in circulation. 

1.5.1.2 Autocrine regulation through cGP and IGFBP-3 

Autocrine regulation of IGF-1 determines the amount of bioavailable IGF-1 in plasma 

through the reversible binding, mainly to IGFBP-3. GH is also the main regulator of 
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the hepatic synthesis of IGFBP-3. Increased GH can increase the production of liver-

derived IGFBP-3, the main source of plasma IGBFP-3. A reduction of IGFBP-3 levels 

is coupled with the decline of GH with aging process in healthy individuals (Corpas 

et al., 1993).  

In blood, the majority of IGF-1 is bound to IGFBP-3 leaving a small portion of  IGF-

1 present in the free form with biological activity (Duan & Xu, 2005; Kelley et al., 

2002; Sara & Hall, 1990). More unbound bioactive IGF-1 can be available after 

IGFBP-3 is cleaved by certain proteases (Collett-Solberg & Cohen, 1996; Fowlkes et 

al., 1995, 2004; Nishijima et al., 2010; Sadowski et al., 2003).  A decrease in IGFBP-

3 corresponding to a decline of IGF-1 was observed in rats plasma, suggesting a role 

of plasma IGFBP-3 in regulating IGF-1 function (Singh-Mallah et al., 2016) 

Recently, cGP has also been found to be involved in the autoregulation of IGF-1 

function by altering the binding of IGFBP-3 to IGF-1 (Guan et al., 2014). As the major 

binding site of IGF-1 to IGFBP-3, cGP retains its binding affinity to IGFBP-3 and 

competes with IGF-1 to IGFBP-3 binding in a concentration-dependent manner (Guan 

et al., 2014). Thus, cGP further regulates the binding of IGF-1 to IGFBP-3 and 

collectively determine the amount of unbound, bioavailable IGF-1 in plasma. Only 

unbound IGF-1 can activate IGF-1 receptors, leading to IGF-1 specific functions. In 

the preclinical study, cGP was first found to restore IGF-1 receptor-associated 

angiogenic capillaries following ischemic injury in the rats. Then in vitro, cGP was 

shown to modulate IGF-1-induced cell viability in human endothelial cells when IGF-

1 and IGF-1 receptor exist. However, the effects of cGP diminished after either serum 

withdrawal or IGF-1 receptors knockdown. These results confirmed that cGP 

modulated IGF-1 function. They also found that blockade of IGFBP-3 changed the 

effects of cGP on IGF-1-induced cell viability, suggesting cGP may have an 
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interaction with IGFBP-3 to modulate IGF-1 function. Furthermore, they showed that 

high cGP/IGF-1 molar ratio enhanced the release of IGF-1 from IGFBP-3, while 

equimolar ratio maintained and the low molar ratio reduced the release. These data 

demonstrated that cGP/IGF-1 molar ratio may modulate bioavailable IGF-1 levels 

through interaction with IGFBP-3, although the complicated interactions between 

cGP, IGF-1 and IGFBP-3 could not be fully explained.  

Later, in an animal study, an increase in plasma endogenous cGP and cGP/IGF-1 

molar ratio corresponding to a decline of plasma IGF-1 was observed, suggesting that 

the role of plasma cGP in regulating IGF-1 function, although the underlying 

mechanisms associated with the increase in endogenous cGP are not clear (Singh-

Mallah et al., 2016). In support, a cross-sectional study in pregnant women showed 

that women with obesity had lower plasma IGF-1 but higher cGP/IGF-1 ratio and a 

trend towards an increase in cGP (Guan et al., 2018). These results indicate that plasma 

cGP plays a pivotal role in the regulation of IGF-1 bioavailability when plasma total 

IGF-1 is deficient.  

Taken together, these studies suggest that plasma cGP contributes to the regulation of 

IGF-1 bioavailability in circulation and the molar ratio of cGP/IGF-1 could be a 

measure of bioavailability of IGF-1. Figure 1.3 shows the autocrine regulation of IGF-

1 function by cGP.  
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Figure 1.3 Autocrine regulation of endogenous IGF-1 function through cGP and 

IGFBP-3 under physiological and pathophysiological conditions of diminished 

IGF-1 function. 

A balanced regulatory axis exists under normal physiological conditions, in which cGP/IGF-1 molar 

ratio dynamically regulates the amount of free, bioavailable IGF-1 (blue arrow). Under both 

physiological and pathophysiological conditions of IGF-1 deficiency, cGP increases (orange arrow) 

and competes with IGF-1 to bind IGFBP-3 and thus increase the release of bioavailable IGF-1. 

1.5.2 Evidence for the relationship between plasma cGP/IGF-1 ratio and 

circulating IGF-1 function 

It has been demonstrated that the changes in endogenous cGP in responding to the 

concentration of circulation IGF-1 in developing rats. The concentration of cGP 

increased in infant rats with low plasma IGF-1 and decreased during adolescent rats 

with high IGF-1 concentration (Singh-Mallah et al., 2016). Given that cGP contributes 

to the regulation of IGF-1 function and the molar ratio of cGP/IGF-1 determines the 
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bioavailability of IGF-1 (Figure 1.3), the molar ratio of cGP/IGF-1 may be a more 

reliable biomarker for IGF-1 function in neurological conditions. Subsequently,  a 

longitudinal clinical observation study shows that increased plasma cGP/IGF-1 ratio 

was observed in women with loss of weight from 15-week pregnancy to 6 years 

postpartum (Guan et al., 2018). These results suggest the changes in plasma cGP/IGF-

1 molar ratio could be a novel biomarker for IGF-1 function.  

In addition, because of enzymatic resistance of cGP, its clearance from plasma is large, 

if not all, through urine. There is a possibility that the urine concentration of cGP may 

be a surrogate marker for its plasma concentration, which would be a more accessible 

and economical option. 

 Summary 

This section summarises the Chapter 1. 

• IGF-1 family and regulation of IGF-1function, with a focus on cGP/IGF-1 molar 

ratio determining bioavailable IGF-1 levels, are reviewed 

• IGF-1 has a role in stroke recovery and maintenance of cognitive function   

• Current biomarkers under investigation for IGF-1 function, plasma IGF-1 and 

IGF-1/IGFBP-3 ratio, are not reliable in the neurological conditions. Therefore, 

additional biomarkers for IGF-1 function are needed 

• Plasma cGP/IGF-1 molar ratio could be a novel biomarker for circulating IGF-

1 function and applied to neurological conditions  
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 Hypothesis and aims 

1.7.1 Hypothesis 

As a biomarker for the function of circulating IGF-1, the changes of cGP/IGF-1 molar 

ratio in plasma may be applied to stroke and cognitive impairment in PD.  

1.7.2 Aims  

1. Examining changes in plasma cGP, IGF-1, IGFBP-3 and cGP/IGF-1 molar ratio 

during 90-day stroke recovery, and their associations with clinical outcomes and 

recovery. 

2. Investigate associations of cGP, IGF-1, IGFBP-3 and cGP/IGF-1 with cognitive 

status in PD.  

3. Examining changes in plasma and CSF cGP, IGF-1, IGFBP-3 after the BCA 

supplementation in PD. 
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2 General materials and methodology 

This chapter includes a description of the general materials and methods used in more 

than two studies. The methods used only once in the thesis are briefly mentioned here 

and details are given in the specific chapter.  

 Materials 

Manufacturers of brand products are mentioned specifically within the methods section of 

Chapter 3, 4 and 5. All reagents used for HPLC-MS assay were of analytical grade 

unless stated otherwise. 

 Methods 

2.2.1 Study design and population 

The detailed designs are described in the methods section of each corresponding 

chapter.  

2.2.2 Sample collection and preparation 

The biological samples were provided by different collaborators and sample 

preparations are described in the methods of specific chapters.  

2.2.3 Enzyme-Linked Immunosorbent Assays 

The concentration of total IGF-1 in plasma and CSF samples were analysed by ELISA 

employing a commercially available ELISA kit specific for human IGF-1 according 

to manufacturer’s instructions. Firstly, all reagents were brought to room temperature 

for 30 minutes and then after ten-second centrifuge, standards and controls were 

reconstituted with the dilution buffer followed by sitting for 15 minutes at room 
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temperature. After, the standards and controls were vortexed thoroughly but gently 

using a vortex mixer. Samples and controls (10 µl per sample and control) were then 

diluted by an acid buffer to dissociate IGF-1 from endogenous binding proteins. The 

dilution ratio was adjusted as appropriate. Next, 80 µl of antibody conjugate was added 

to all wells to be used in a 96-well microtiter plate to coat the first antibody on the 

plate. Within 2 hours since dilution, 20 µl of the diluted sample or 20 µl of standard 

or 20 µl of diluted control was then aliquoted into each well. The wells were covered 

with sealing tape and shaken at 350 rpm for 1 hour at room temperature. After 

incubation, wells were washed five times with wash buffer prior to the addition of 100 

µl enzyme conjugate. After enzyme-conjugated specific anti-IGF-1 antibody binding 

to the immobilized IGF-1, another 30-minute incubation and washing were performed. 

Following washing, a substrate solution was added to each well before a 15-minute 

incubation in a dark room without a shake. The reaction was ceased by adding 100 µl 

stop solution into each well and absorbance was measured within 30 minutes using 

the Synergy 2 plate reader (BioTek® Synergy™ 2 Multi-detection Microplate Reader, 

Gen5 software, Winooski, VT, USA) at 450 nm with a reference filter of 630 nm. To 

determine the IGF-1 concentration, the IGF-1 calibration curve was constructed by 

plotting the mean change in absorbance value for each calibrator on the Y-axis versus 

the corresponding IGF-1 concentration on the X-axis using the BioTek’s Gen5 Reader 

Control and Data Analysis Software (BioTek® Synergy™ 2 Multi-detection 

Microplate Reader, Gen5 software, Winooski, VT, USA). The final IGF-1 

concentration was obtained by using the calibration curve and multiplying the dilution 

factor. Concentrations were reported as ng/ml. The assay was fit for detecting the IGF-

1 concentration range from 2-50 ng/ml with a within-run and total precision of CV< 

10%.  
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The concentrations of IGFBP-3 were measured by commercially available ELISA kits 

specific for human IGFBP-3 (Crystal Chem, Inc., Chicago, IL, USA) according to the 

manufacturer’s protocol. Briefly, all reagents were brought to room temperature for 

30 minutes and then after ten-second centrifuge, standards and controls were diluted 

with the dilution buffer followed by sitting for 15 mins at room temperature. After, the 

standards and controls were vortexed thoroughly but gently using a vortex mixer. 

Samples and controls (at least 10 µl) were then diluted in the buffer. Antibody 

conjugate was added to all wells to be used in a 96-well microtiter plate to coat the 

first antibody on the plate. Within 1 hour since dilution, diluted samples or standards 

or controls were then aliquoted into each well. The wells were covered with sealing 

tape and shaken at 350 rpm for 1 hour at room temperature. After incubation, wells 

were washed five times with wash buffer before the addition of enzyme conjugate. 

After enzyme-conjugated specific antibody binding to the specific binding protein, 

another 1-hour incubation and washing were performed. Following washing, a 

substrate solution was added to each well prior to 30-minute incubation in a dark room 

without a shake. The reaction was stopped by adding 100 µl stop solution into each 

well and absorbance was measured within 30 minutes using the same method to that 

for IGF-1. Concentrations were reported as ng/ml. The assay was fit for detecting 

IGFBP-3 from 0.4-30 ng/ml. All assays had a within-run and total precision of 

CV<10%.  

2.2.4 Plasma extraction of cGP 

The cGP-1,5,6,7,8-13C, 4-15N (cGP-5x13C, 1x15N, 50 µL of 500 ng/ml) (internal 

standard for the assay, Chemistry Laboratory, Auckland, New Zealand) was added to 

100 µL of plasma, urine or CSF and vortex mixed. The resulting solution was 
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transferred to a 1mL Phree phospholipid removal cartridge (Phenomenex, Auckland, 

New Zealand) contained in a 12 mL Nunc CryoTubeTM vial (NuncTM Brand 

Products, Nalge Nunc International). 500 µL of 1% formic acid in acetonitrile was 

then added to the cartridge and centrifuged at 1000 rpm (284 g) for 5 min at 4 °C to 

accomplish the collection of the filtrate. Another 500 μl of 1 % formic acid in 

acetonitrile was loaded and centrifuged as before. The filtrate was dried using Thermo 

Scientific Savant SC250 EXP SpeedVac concentrator (Thermo Fisher Scientific, 

Asheville, NC, USA) at room temperature with vacuum pressure initially set at 1.5 

mTorr for one hour and then reduced to 0.7 mTorr for one hour. To thoroughly 

reconstitute the dried extract, 100µL of water/methanol (90/10 vol/vol) was added into 

the tube, vortexed gently for 30 seconds and then transferred to HPLC vials for 

quantitation. After another 500-rpm (142g) centrifuge at 4 °C, the samples were ready 

for the next step.  

2.2.5 High-Performance Liquid Chromatography mass spectrometry 

(HPLC-MS) assay 

Prepared samples were subsequently injected into an HPLC-MS system consisting of 

an Accela MS pump and autosampler with an Ion Max API source on a Finnigan TSQ 

Quantum Ultra AM triple quadrupole mass spectrometer all controlled by Finnigan 

Xcalibur software (Thermo Electron Corporation, San Jose, CA, USA). The 

chromatography conditions consisted of a Synergy Hydro 2.5µm column 

(Phenomenex, Auckland, New Zealand) 100 × 2 mm with an initial mobile phase 

composition of 10% methanol / 90% water flowing at 200 µl per minute with a column 

temperature of 35°C. The mass spectrometry conditions comprised electrospray 

ionization in positive mode with a voltage of 4000 V, a sheath gas flow of 30 psi, an 

auxiliary gas flow of 2 psi, and a capillary temperature of 250 °C. Fragmentation was 
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achieved with argon at 1.2 mTorr as the collision gas and a dissociation voltage of 35 

V. The mass spectrometer ran in selective reaction monitoring (SRM) mode with the 

following two transitions 155.1 → 70.2 m/z and 161 → 75.1 m/z utilized for cGP and 

cGP- cGP-1,5,6,7,8-13C, 4-15N, respectively. The retention time for both peaks was 

3.6 minutes. Unknown samples were quantitated using the peak area ratio of cGP/cGP-

5x13C, 1x15N compared with the standard curve of known concentrations. The 

retention time for both peaks was 3.6 min. Unknown samples were quantitated using 

the peak area ratio of c-GP/cGP-5x13C, 1x15N compared with the standard curve of 

known concentrations. 

2.2.6 Measurement of concentrations of urine creatinine  

The details are described in section 3.3. 

2.2.7 Statistical analysis 

A commercially available software SPSS (IBM SPSS Statistics 24, Chicago, IL, USA) 

was used for the statistical analysis and GraphPad Prism 7 (GraphPad Software, Inc, 

USA) for making figures. The details were described in the methods sections of 

Chapters 3, 4 and 5. A p-value of less than 0.05 was considered to be significant. 

A p-value of less than 0.05 was considered to be significant. 
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3 Plasma cyclic glycine proline/IGF-1 ratio predicts clinical 

outcome and recovery in stroke patients 

 Summary of chapter contents 

This chapter investigates the changes in concentrations of cGP, cGP/IGF-1 molar ratio, IGF-1 

and IGFBP-3 in plasma during the 90-day period after stroke onset. The differences in these 

biological measures between stroke and controls are also investigated. In addition, the 

relationships between these biological measures and clinical outcomes are investigated. This 

chapter has been published recently as an original research article in Annals of Clinical and 

Translational Neurology. 

 Introduction 

Stroke remains to be a major cause of mortality and disability burden (Feigin et al., 2014). 

Many surviving patients make at least a partial recovery in function over the first 3 months, a 

critical period for the recovery (Lee et al., 2015).  A biomarker that is associated with recovery 

would be clinically useful for predicting outcome and assist clinical management (Biomarkers 

Definitions Working Group, 2001). The expression of IGF-1 increases in the brain tissues 1-5 

days after hypoxic-ischemic brain injury in rats (Gluckman et al., 1992), and this may 

contribute to a partial recovery of sensory-motor function (Guan et al., 2001). Timely 

administration of human recombinant IGF-1 within 6 hours after hypoxic-ischemic injury 

reduces brain damage and improves long-term sensory-motor function (Gluckman et al., 1992; 

Guan et al., 1993, 2001; Guan, Gunn, et al., 2000). Changes in plasma concentrations of IGF-

1 have been studied as a prognostic biomarker in stroke but the results have been inconsistent 

(Gandolfi et al., 2017). 
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The majority of circulating IGF-1 is inactive due to high-affinity binding, mainly to IGFBP-3, 

which prevents IGF-1 to activate its functional receptors. Only unbound IGF-1 is bioactive 

(Duan & Xu, 2005; Kelley et al., 2002; V. R. Sara & Hall, 1990) and thus the plasma 

concentrations of IGF-1 do not represent IGF-1 function. However, unbound IGF-1 is either 

swiftly metabolized or internalized after activating IGF receptors (Fernandez & Torres-

Alemán, 2012; Fowlkes et al., 2004; Nishijima et al., 2010) and impossible to measure directly. 

Binding of IGF-1 to IGFBP-3 is reversible and this regulates the amount of bioavailable IGF-

1 in plasma, a process namely autocrine regulation of IGF-1. The molar ratio of IGF-1 to 

IGFBP-3 has been used to characterize IGF-1 function, but this does not consistently represent 

IGF-1 function because the majority of IGFBP-3 is not associated with plasma IGF-1 (Guan et 

al., 2018).   

Our previous publication suggests that the changes in the plasma concentration of cGP and its 

molar ratio to plasma IGF-1 may be a better representation of bioavailable IGF-1 (Guan et al., 

2018; Singh-Mallah et al., 2016). cGP is naturally cleaved from the N-terminus of unbound 

IGF-1 (Guan et al., 2015) by an acid enzyme (Yamamoto & Murphy, 1994, 1995). The N-

terminal region of IGF-1 is a major binding site to IGFBP-3 (Sara et al., 1993) and cGP retains 

the binding affinity to the IGFBP-3, leading to a concentration-dependent competitive binding 

between IGF-1 and cGP (Guan et al., 2014). The relative concentration of cGP to IGF-1 may 

be used to determine the bioavailability of circulating IGF-1 as a higher cGP/IGF-1 ratio is 

associated with a greater concentration of unbound, bioavailable  IGF-1 ( Guan et al., 2018; 

Guan et al., 2014). The aim of this study was to evaluate whether the changes in plasma 

concentrations of cGP and cGP/IGF-1 molar ratio would be associated with the recovery during 

the first 3 months after stroke. Urine cGP was also measured to explore the relationship 

between urine and plasma cGP.  
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 Methods: 

3.3.1 Study design and population 

The clinical information, assessment scores and detailed methods used for clinical evaluations 

were provided by the BARISTa, Brain Research New Zealand. The study was approved by 

Auckland District Health Board (A+: 6627), the University of Auckland Human Participants 

Ethics Committee (UAHPEC: 015655) and Health and Disability Ethics Committees (HDEC: 

15STH73) and written informed consent was obtained from all enrolled patients and control 

participants. The inclusion criteria of stroke patients were: 1) less than 3 days after the onset of 

stroke at the time of hospital admission; 2) 18 to 90 years of age and 3) able to understand 

English, with help from a friend or family member if required. Exclusion criteria for stroke 

patients are: 1) current cancer diagnosis; 2) pregnancy or childbirth within the previous 90 

days; 3) blood disorders rendering additional blood sampling inappropriate, as assessed by the 

patient’s clinical team. For control subjects, the inclusion criteria include 1) no history of 

stroke; 2) 18 to 90 years of age; 3) capable of understanding English, with help if needed. 

Exclusion criteria include: 1) being pregnant or giving birth in the last 3 months; 2) having a 

blood disorder which makes the blood samples inappropriate; 3) currently diagnosed with 

cancer. 

Forty-four patients were screened within 3 days of stroke. Thirteen patients withdrew, one 

patient died and two did not complete the follow up over the 90-day course of the study.  All 

stroke patients have completed standard in-patient rehabilitation. 

Plasma samples were collected from 34 stroke patients at baseline, from 21 patients at day 7 

and from 26 patients at day 90 after stroke. Twenty-eight patients had completed the follow-

ups, 21 of whom provided plasma samples at day 7, and 26 who provided plasma samples at 

day 90. A total of 21 patients had completed clinical scores and provided plasma samples at 
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all-time points. Twenty-eight patients provided plasma samples at baseline and had clinical 

assessments at day 90.  Fifty age-matched control participants (35 women and 15 men) with 

no history of stroke were also recruited and all provided plasma samples.  

 

Figure 3.1 The flowchart of the study population 

  

3.3.2 Sample collection and storage 

Plasma samples were collected from age-matched controls and from stroke patients at baseline 

(within 3 days), day 7 and day 90 after stroke onset. The samples were collected and prepared 
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by the Biomarkers and Recovery in Stroke (BARISTa), Brain Research New Zealand. Blood 

samples obtained via venepuncture of the antecubital fossa were collected in ethylene di-amino 

tetra-acetic acid (EDTA) tubes and immediately transferred to the processing laboratory. The 

samples were left for at least 1 hour and centrifuged at 1300g for 10 minutes at room 

temperature. The plasma samples obtained by centrifugation were aliquot into 500μl volumes 

and immediately frozen at -8ۤ0 °C until required.  

3.3.3 Measurement of clinical outcomes 

Clinical assessments were performed by the members of the independent clinical team who 

were trained in their administration. Clinical assessments included the National Institutes of 

Health Stroke Scale (NIHSS) at baseline (within 3 days), then again at days 7 and 90. The 

modified Rankin Scale (mRS) and Fugl-Meyer Upper Limb Assessment Scale (FM-UL) were 

performed at days 7 and 90. Clinical recovery after stroke was evaluated using the difference 

in NIHSS between the baseline and 90 days after stroke (∆NIHSS).   

3.3.4 Measurement of concentrations of cGP in plasma and urine using HPLC-

MS 

An HPLC-MS was utilized to measure the concentration of cGP in the samples. The protocol 

for plasma cGP extraction and HPLC-MS has been described in section 2.2.4 and 2.2.5. The 

urine cGP concentration is normalized by urine creatinine and calculated by the ratio of 

cGP/creatinine. The procedure of extraction and HPLC-MS for urine cGP is the same as that 

of plasma cGP.   

Urine creatinine concentrations were determined by the kinetic colorimetric assay based on the 

Jaffé method (Roche, Mannheim, Germany) on a Cobas C311 automated analyzer (Hitachi 

High Technologies Corporation, Tokyo, Japan). 60 µl of urine sample was pipetted into a 

specific sample cup for the analyzer. The samples were mixed by pipetting them and bubbles 
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removed before analysis began. Normal pooled urine control selected for two distinct levels of 

concentration were used as quality controls. 

3.3.5 Measurement of plasma concentration of IGF-1 and IGFBP-3 using 

ELISA 

The concentrations of IGF-1 and IGFBP-3 were measured by ELISA. The methodology has 

been described in section 2.2.3. 

3.3.6 Statistical analysis 

The differences between the stroke (baseline) and the control groups were analysed using 

independent-samples t-test, Chi-Square tests or Fisher's exact test as appropriate. The 

difference between the stroke (baseline) and the control group was analysed using the 

independent-samples t-test for continuous variables and the Chi-square test for categorical 

variables. The Fisher's exact test was used instead of the Chi-square test when expected 

frequencies in each cell for some categorical variables are less than 5 due to missing data. 

Changes over time in stroke patients were analysed using the one-way repeated ANOVA 

(parametric test) or Friedman test (non-parametric test) with post hoc tests using the Bonferroni 

correction. The correlation between clinical outcomes and biological measurements or age 

were firstly analysed by Pearson or Spearman correlation analysis. Then multiple linear 

regression analysis was used to rule out the effects of potential confounders on the correlation. 

Only the variables that are associated with the clinical outcomes were entered into the 

regression model. Together with prior knowledge (Rost et al., 2016), age and baseline NIHSS 

was included in the model. Due to the small sample size of our study, other variables that could 

likely account for variability in outcomes such as gender and hypertension were not included 

in the linear model to decrease the risk of statistical errors (Babyak, 2004; Hawkins, 2004). In 

the final regression model, the associations between biological changes and clinical scores were 
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analysed after adjustment for age and baseline NIHSS. The significance level was set at p < 

0.05. Data were presented as mean ± standard error of the mean (SEM) unless otherwise stated. 

 Results 

3.4.1 Demographic characteristics of patients at baseline and controls 

The demographic details of the stroke patients at baseline and control participants are presented 

in Table 3.1. There was no significant difference between patients and controls in the average 

age (64.8 ± 10.03 vs 66.79 ± 14.64, p = 0.49). Compared with controls, there were fewer 

females (p = 0.018) and more individuals with atrial fibrillation in stroke patients. The stroke 

patients also tended to have more individuals with diabetes, hypertension and dyslipidemia. 

Table 3.1 Baseline characteristics of acute stroke patients and controls 

 Control Patients p Value 

Number of participants 50 34  

Age, years (mean ± SD) 64.8±10.03 66.79±14.64 0.49a 

F/M 35/15 15/19 0.018b 

Diabetes (%) 2 (4) 6 (17.6) 0.057c 

Current smoker (%) 1 (2) 4 (11.8) 0.153c 

Ex-smoker (%) 16 (32) 9 (26.5) 0.586c 

Hypertension (%) 13 (26)  15 (44.1) 0.084b 

Dyslipidaemia (%) 9 (18) 12 (35.3) 0.072b 

Atrial fibrillation (%) 4 (8) 9 (26.5) 0.022b 

a: t-test; b: Chi-Square tests; c: Fisher’s exact test;  
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3.4.2 Changes in clinical scores 

 In stroke patients, NIHSS scores improved over time (F (2, 20) = 27.48, p < .001, n = 

21, A). Compared to baseline, the NIHSS score reduced by day 7 (median: 2 vs 4, p = 0.01) 

and day 90 (median: 1 vs 4, p < 0.001). The mRS score also improved (median: 3 vs 2, p = 

0.003, n = 21, Fig 2B) as did the FM-UL scores (median: 64 vs 65, p = 0.001, n = 21, Fig 2C). 

The control participants had no significant neurological deficits (NIHSS median (range): 0 (0 

- 2)) nor global disability (mRS median (range) 0 (0 - 1)) with normal up limb functions (FM-

UL median (range): 66 (65 - 66)).  

 

Figure 3.2 The changes in clinical scores over time after stroke 

Compared to the baseline, NIHSS significantly decreased in 7 and 90 days after stroke (A). The modified Rankin 

Scale (mRS) score reduced from days 7 to 90 (B) and Fugl-Meyer Upper Limb Assessment Scale (FM-UL) score 

was increased from 7 to 90 days after stroke (C). Data are presented as mean ± SEM.  **p < 0.01, ***p < 0.001, 

n = 21.  
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3.4.3 Changes in biological measurement of plasma of patients within 3 days 

after stroke  

There was no difference in IGF-1 concentration (Figure 3.3A) between stroke and control 

groups. Compared to the control group, stroke patients had lower IGFBP-3 concentrations (p 

= 0.002, Figure 3.3B), cGP concentrations (p = 0.04, Figure 3.3C) and cGP/IGF-1 molar ratio 

(p = 0.04, Figure 3.3B) at the baseline. IGF-1/IGFBP-3 molar ratio was also not significantly 

different (p >0.05).  

              

Figure 3.3 The differences in biological measures between the control and stroke group  

IGF-1 concentration did not change after stroke (A). Compared to the control group, the baseline concentrations 

of IGFBP-3 (B), cGP (C) and cGP/IGF-1 ratio (D) were lower in stroke patients.  Data presented as Mean ± SEM, 

*p < 0.05, **p < 0.01 
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The concentrations of IGF-1 and IGFBP-3 remained stable over time after stroke (Figure 3.4A 

and B). Their molar ratio was thus also stable (p = 0.28).  There was a significant increase in 

cGP concentrations (F (2, 20) = 5.34, p = 0.01, n = 21, Figure 3.4C) and cGP/IGF-1 molar ratio 

(F (2, 20) = 3.94, p = 0.02, n = 21, Figure 3.4D) over time by ANOVA repeated analysis. 

Compared to the baseline, the concentration of cGP (p = 0.01) and cGP/IGF-1 ratio (p = 0.03) 

was significantly increased by 90 days in the stroke patients.  
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 Figure 3.4 The biological changes over time in stroke patients. 

The plasma concentration of IGF-1 (A) and IGFBP-3 (B) did not change over time. cGP concentration (C) and 

cGP/IGF-1 ratio (D) increased over time. Compared to the baseline, cGP concentration and cGP/IGF-1 ratio were 

significantly increased 90 days after stroke. IGF-1/IGFBP-3 molar ratio also did not change over time (E) Data 

presented as Mean ± SEM, *p < 0.05, n = 21 
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3.4.4 Correlation analysis in plasma 

Pearson correlation showed no significant correlation between NIHSS and plasma cGP (r = -

0.14, p = 0.21) or cGP/IGF-1 molar ratio (r = -0.11, p = 0.34). Table 3.1 shows the results from 

correlation analysis between biological changes at the baseline and clinical scores either at day 

90 or the changes from the baseline to day 90 in the stroke patients after adjustment for age 

and baseline NIHSS. The cGP/IGF-1 molar ratio was negatively correlated to the NIHSS scores 

at day 90 (B = - 0.30; 95%CI = -0.59  ̶ -0.02; p = 0.03; n = 28) and positively correlated to 

∆NIHSS (B = 0.30; 95%CI = 0.02  ̶  0.59; p = 0.03; n = 28). The baseline cGP/IGF-1 molar 

ratio showed a trend towards a positive correlation with FM-UL scores of day 90 (B = 2.33, 

95%CI = -0.07  ̶  4.73; p = 0.05; n = 27), but not with the mRS.  
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Table 3.2 Relationships between clinical outcomes and recovery at 90 day and baseline 

biological concentrations in plasma 

             Baseline 

90 day 

IGF-1 IGFBP-3 cGP cGP/IGF-1 ratio 

NIHSS 

(n=28)  

B 0.006 0.00 -0.06 -0.30 

p 0.11 0.09 0.36 0 .03 

95%CI (-0.002, 0.01) (0, 0.001) (-0.21, 0.08) (-0.59, -0.02) 

mRS 

(n=28) 

B -0.001 0.00 0.09 0.19 

p 0.72 0.52 0.10 0.08 

95%CI (-0.008, 0.005) (-0.001, 0) (-0.02, 0.20) (-0.03, 0.42) 

FM 

(n=27) 

B -0.01 -0.002 0.84 2.33 

p 0.64 0.38 0.16 0.05 

95%CI (-0.08, 0.05) (-0.007, 0.003) (-0.35, 2.04) (-0.07, 4.73) 

∆NIHSS 

(n=28) 

B -0.006 0.00 0.06 0.30  

p 0.11 0.09 0.36  0.03 

95%CI (-0.01,0.002) (-0.001,0.00) (-0.08, 0.21) (0.02,0.59) 

NIHSS, the National Institutes of Health Stroke Scale. ∆NIHSS, the change between baseline and 90 days in the National 

Institutes of Health Stroke Scale. mRS, the modified Rankin Scale score. FM, The Fugl-Meyer Upper Limb Assessment Scale 

score. B: beta coefficients; 95%CI: 95% confidence intervals. The analysis was adjusted for age and baseline NIHSS. 

3.4.5 Analysis in urine 

While there were no differences in IGF-1, IGFBP-3 and IGF-1/IGFBP-3, the cGP 

concentrations was lower in stroke patients than in controls (0.431±0.068 vs 0.894±0.095), t 

(44.55) = 3.95, p<0.001 (Figure 3.5). There were no statistically significant differences in the 

cGP concentration over time (Figure 3.5). It should be stressed that the sample size is small. 
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Figure 3.5 Changes in urine cGP concentrations 

Concentrations of urine cGP were measured in normal controls and patients. (A) Comparisons between baseline 

patients and control group, n= 46 and 10 (age-matched controls and stroke patients). (B) Comparisons between 

follow-up time points and baseline patients, n=6. Data are presented as mean ± SEM, In A, significant differences 

compared with the control group are denoted by ***p < 0.001. 

To assess a potential direct association between plasma and urine cGP, a Pearson correlation 

was performed. There was a strongly positive correlation between urine and plasma cGP 

concentrations in both controls and patients (r = 0.54, p < 0.001 and r = 0.78, p < 0.001, 

respectively, Figure 3.6).  
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Figure 3.6 Correlation between plasma and urine cGP in controls and patients 

(A) Correlation between urine and plasma cGP in controls (n = 44). (B) Correlation between urine and 

plasma cGP in patients (n = 7). Data include samples collected from all time points. 

 

 Discussion 

This study has shown the lower plasma concentrations of cGP, IGFBP-3 and cGP/IGF-1 ratio 

in stroke patients within three days of stroke, suggesting an impairment of autocrine regulation 

by cGP. Over the initial 90 days of stroke recovery, the stroke patients showed an improvement 

in neurological function and global disability, which occurred in parallel with the gradual 

increases in plasma cGP and cGP/IGF-1 ratio. The stroke patients with higher baseline 

cGP/IGF-1 ratio had fewer neurological deficits at day 90 after stroke and made a better 

recovery by 90 days. The results of this study may suggest a role for autocrine regulation of 

IGF-1 in stroke recovery and that the molar ratio of cGP/IGF-1, if further confirmed through 

larger studies, may be a potential prognostic biomarker for predicting the ability of recovery in 

stroke patients.  

The amount of bioavailable IGF-1 in plasma is collectively regulated by IGFBP-3 and cGP. 

The less IGFBP-3 and more cGP can increase the amount of bioavailable IGF-1 in plasma 
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(Guan et al., 2018; Guan et al., 2014; Singh-Mallah et al., 2016). Compared to the age-matched 

controls, the concentrations of IGFBP-3 and cGP were lower in stroke patients at the baseline. 

We have recently shown that hypertensive women also have lower plasma IGFBP-3 and cGP 

compared to normotensive women (Guan et al., 2018). These changes in hypertension and 

stroke patients suggest a role for autocrine regulation in cardiovascular functions. While the 

reduction of plasma IGFBP-3 is an autocrine response to IGF-1 deficiency to increase 

bioavailable IGF-1 in plasma, the lower plasma cGP may suggest an impairment of autocrine 

regulation by cGP in hypertension and stroke patients (Guan et al., 2018). This interpretation 

is also supported by the observations that cGP administration prevents neuronal and vascular 

damage after ischemic brain injury in rats (Guan et al., 2014). The function of cGP in vascular 

protection is mediated through improving IGF-1 function which has been described by in vivo 

and in vitro studies(Guan et al., 2014). Hypertension is a major risk factor of stroke (Owolabi 

& Agunloye, 2013) and the impairment of autocrine regulation of IGF-1 may be a 

pathophysiology process shared by hypertension and stroke.  

Most patients in our study made a partial recovery over the 90-days of the study. These clinical 

improvements were in parallel with an increase in cGP concentrations and cGP/IGF-1 molar 

ratio over time. The molar ratio cGP/IGF-1 increases 90 days after a stroke due to increased 

cGP and stable IGF-1 levels in plasma. Given the relationship between cGP/IGF-1 molar ratio 

and IGF-1 bioavailability (Sara et al., 1993; Singh-Mallah et al., 2016), we speculate that the 

improvement of plasma IGF-1 bioavailability may contribute to the functional recovery, but a 

correlation analysis failed to show a significant association, possibly due to the limited sample 

size in this study. While there was no change in the plasma IGF-1 concentration during stroke 

recovery, the increase of plasma cGP over time is more likely a result of promoting the 

enzymatic formation of cGP in plasma. However, the mechanism that modulates the enzymatic 

activity is unknown and needs to be investigated.   
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Age and baseline neurological deficits are crucial factors that influence stroke recovery (Rost 

et al., 2016). The correlation analysis with the adjustment for age and baseline NIHSS scores 

showed that the patients with a higher molar ratio of cGP/IGF-1 at the baseline had fewer 

neurological deficits at day 90 of stroke and made a better recovery by 90 days. This 

hypothesis-generating study is limited by small sample size but the results merit further 

investigation.  

Previous studies have reported inconsistent results in plasma IGF-1 concentrations in stroke 

patients. One study showed lower plasma IGF-1 concentrations (Schwab et al., 1997). On the 

contrary, another clinical study showed higher plasma IGF-1 concentrations 3 days after stroke 

compared to control groups (Åberg et al., 2011). Moreover, changes in plasma IGF-1 

concentrations have been associated with mortality but not functional recovery (Dong et al., 

2014). This study has also shown no changes in plasma IGF-1 concentrations during the first 

90-days following stroke. This supports the suggestion that changes in plasma IGF-1 

concentrations are not a reliable measure of IGF-1 function during stroke recovery.  

Sensitivity and specificity are two critical elements for identifying potential clinical 

biomarkers. The cGP-related changes are specific to IGF-1 function, but not stroke. Their 

association with stroke was the IGF-1 function-mediated recovery.  Thus, the biomarker may 

also have potential clinical applications for other medical conditions with IGF-1 deficiency. 

The cGP-related changes in plasma appeared to be sensitive, which has been demonstrated by 

other small clinical observations in obesity, hypertension and PD (Fan et al., 2018; Guan et al., 

2018).  

The neuroprotective function of IGF-1 has been well-demonstrated in stroke models (Guan et 

al., 2003). cGP protects the brain from ischemic injury by improving phosphorylation of IGF-

1 receptors, with a well-defined mechanism (Guan et al., 2018; Guan et al., 2014; Singh-Mallah 



Chapter 3 – Plasma cyclic glycine proline/IGF-1 ratio predicts clinical outcome and recovery 
in stroke patients 

42 

et al., 2016). Given the oral availability and dynamic central uptake of cGP in humans (Fan et 

al., 2018), further development of this biomarker may provide guidance to assist their future 

clinical trial in stroke.  

A comparison of cGP in urine samples showed similar results in plasma, although the sample 

size was small. More interestingly, a strongly positive correlation was shown between urine 

and plasma cGP concentrations in both controls and patients. These results suggest that the 

change in urine cGP could reflect the changes in plasma cGP.  

In conclusion, these hypothesis-generating observations suggest that the increase in cGP/IGF-

1 ratio, but not plasma IGF-1 within 3 days after stroke may be further developed as a 

prognostic biomarker for predicting the ability of functional recovery in stroke patients. The 

hypothesis that the progressive decline of cGP concentration in hypertensive patients can be a 

biomarker for stroke risk merits further investigation.  

 Summary 

 This study evaluated plasma concentrations of IGF-1, IGFBP-3 and cGP and their associations 

with clinical outcomes in stroke patients. The baseline concentrations of IGFBP-3, cGP and 

cGP/IGF-1 ratio were lower in stroke patients than the control group, although these may be 

affected by the difference in gender and other medication conditions. These results suggest an 

impaired autocrine regulation of circulating IGF-1 function by cGP in stroke. The neurological 

scores of stroke patients were improved and plasma cGP and cGP/IGF-1 ratio increased over 

time. The baseline cGP/IGF-1 ratio was correlated with the NIHSS scores at day 90 and the 

changes in NIHSS scores from the baseline to 90 days. On the contrary, plasma IGF-1 and 

IGF-1/IGFBP-3 molar ratio remained stable over 90 days and their baseline levels did not 

correlate with the clinical scores at day 90. The cGP/IGF-1 ratio at admission may be further 
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developed as a prognostic biomarker for stroke recovery if the results are replicated in the 

future.   
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4 Changes of plasma cGP/IGF-1 molar ratio with age is 

associated with the cognitive status of Parkinson’s disease  

 Summary of chapter contents 

The second aim of this thesis was to evaluate the relationship between plasma cGP/IGF-1 molar 

ratio and cognitive status of PD. This chapter measures the concentrations of cGP, IGF-1 and 

IGFBP-3 in plasma from PD patients with normal cognitive function (PD-N), PD patients with 

mild cognitive impairment (PD-MCI) and PD patients with dementia (PD-D). The relationships 

between them and clinical outcomes are also investigated. This chapter is published by 

Alzheimer's & Dementia: Diagnosis, Assessment & Disease Monitoring. 

 Introduction 

Cognitive impairment in PD patients is now recognized as a primary problem affecting patient 

and carer well-being (Jones et al., 2017; Lawson et al., 2014). PD-MCI have an increased risk 

of developing PD-D compared to PD-N (Wood et al., 2016). A reliable biomarker for 

predicting cognitive status may assist in identifying those at greatest risk of developing 

cognitive impairment and thereby identifying a population and the window suitable for 

intervention.  

IGF-1 is a neurotrophic factor and plays a critical role in cognitive function (Aleman & Torres-

Alemán, 2009). The decline of IGF-1 function with age is a major contributor to age-related 

cognitive impairment (Muller et al., 2012; O. Okereke, Kang, Ma, Gaziano, & Grodstein, 2006; 

O. Okereke et al., 2007). Given aging plays a substantive role in cognitive impairment in PD 

(Aarsland & Kurz, 2010; Levy, 2007), the decline of IGF-1 function with age could be related 

to cognitive impairment in PD patients. Therefore, the biomarkers for IGF-1 function could be 

applied to the prediction of cognitive impairment in PD. The association between plasma IGF-



Chapter 4 – Changes of plasma cGP/IGF-1 molar ratio with age is associated with the 
cognitive status of Parkinson’s disease 

45 

1, a biomarker under clinical evaluation for IGF-1 function, and cognitive function has been 

studied, however, the findings thus far have been mixed and difficult to interpret (Frater et al., 

2017). One explanation for the inconsistencies is that the majority of plasma IGF-1 is inactive, 

due to its high-affinity binding to IGF binding proteins, particularly IGFBP-3, thereby 

preventing IGF-1 from activating its functional receptors (Duan & Xu, 2005). The ratio of IGF-

1/IGFBP-3 has also been evaluated as a marker of the amount of bioactive IGF-1 (Duan & Xu, 

2005), however, given a large amount of plasma IGFBP-3 does not associate with IGF-1 (Guan 

et al., 2018), other markers need to be explored.  

An alternative is cyclic-glycine-proline (cGP)/IGF-1 molar ratio. cGP is a stable, natural 

metabolite of IGF-1 (Guan et al., 2015). As the fraction of IGF-1 that binds to IGFBP-3, cGP 

retains the binding affinity to IGFBP-3. Therefore, cGP competes against IGF-1 to bind with 

IGFBP-3, in a concentration-dependent manner (Fan et al., 2018; Guan et al., 2018; Singh-

Mallah et al., 2016). A higher concentration of cGP would occupy a greater proportion of 

IGFBP-3, increasing the amount of free, bioavailable IGF-1 (Guan et al., 2014; Singh-Mallah 

et al., 2016). Our recent studies suggest that cGP/IGF-1 molar ratio could represent the amount 

of bioavailable IGF-1 (Guan et al., 2014) and plasma cGP/IGF-1 molar ratio is associated with 

IGF-1 function in metabolic disorders (Guan et al., 2018). Therefore, the plasma cGP/IGF-1 

ratio could be applied to predict the cognitive status of PD. This study examined the 

relationship between cGP/IGF-1 molar ratio and cognitive status in PD. The concentrations of 

IGFBP-3 were also measured due to its involvement in the autocrine regulation of IGF-1 

function. 
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 Methods  

4.3.1 Study design and population 

The study was approved by the New Zealand Health and Disability Ethics Committee under 

approval number URB/09/08/037, with informed consent provided by all the participants. This 

is a cross-sectional trial with 204 PD patients, and 24 controls recruited for screening at the 

Van der Veer Movement Disorders clinic and the patient database of the New Zealand Brain 

Research Institute. Figure 4.1 shows the study population.  
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Figure 4.1 The flowchart of the study population 

 

Two PD patients with atypical symptoms and 24 without cognitive status were excluded. One 

control with mild cognitive impairment was also excluded. Finally, plasma samples from 178 

PD patients and 23 controls were measured. Within the PD patients, 74 belongs to PD-N, 71 

belongs to PD-MCI and 33 belongs to PD-D. 

Total recruitments n=228 

PD patients 

n = 204 

Controls 

n = 24 

PD-N patients 

Plasma provided 

n = 74 

PD-MCI patients 

Plasma provided 

n = 71 

PD-D patients 

Plasma provided 

n = 33 

Plasma provided  
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MCI n = 1 

Exclude  

With atypical symptoms n = 2;  

Without cognitive status n = 24 
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The PD patients were diagnosed according to the UK Parkinson’s Society criteria by movement 

disorders neurologists. Clinical assessment was performed by experts using a large battery of 

rating scales shown in the following section. The exclusion criteria included atypical 

parkinsonian disorder, other medical conditions (e.g., history of moderate/severe head injury, 

stroke, and early-life learning disability, major psychiatric or medical illness in the previous 6 

months) and poor English (precluding testing). The PD-MCI criteria suggested by a recent 

study was adopted (Wood et al., 2016). The PD-MCI patients had at least two z scores (see 

below) with 1.5 standard deviations (SD) below normative data on the individual test but within 

a single domain.  

A PD-D diagnosis required the presence of significant impairments (2 SD below normative 

data) in at least two of five cognitive domains and significant impairment in everyday 

functional activities, not caused by motor impairments. Patients not fulfilling the criteria for 

PD-MCI or PD-D were classified as PD-N. All the participants took their usual medications on 

the day of testing so that optimal performance was achieved during the morning test sessions.  

The controls were recruited in response to community advertisements and did not report 

subjective cognitive complaints. All controls had undergone clinical and cognitive testing.  

4.3.2 Sample collection and storage 

The plasma samples were provided by the New Zealand Brain Research Institute, Christchurch, 

New Zealand. Venous blood was collected from an arm vein into lithium heparin tubes (Beckon 

Dickinson) and gently inverted as per manufacture directions. Filled tubes were placed on wet 

ice and immediately transferred to the processing laboratory. The samples were spun in a 

cooled centrifuge (4 °C) for 10 minutes at 2000 x g and plasma stored as 250 μl aliquots at -

8ۤ0°C until assayed. When needed, the samples were thawed at 4 °C and thoroughly vortexed.  
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4.3.3 Measurement of disease stage and cognitive function 

The clinical information, assessment scores and detailed methods used for clinical evaluations 

were provided by the Brain Research Institute, Christchurch, New Zealand. Cognitive status 

was determined using a battery of assessments meeting the requirements of the Movement 

Disorder Society-Task Force (MDS-TF) Level II criteria (Emre et al., 2007; Litvan et al., 

2012). Five cognitive domains were examined, with the tests conducted over two sessions 

(Dalrymple-Alford et al., 2011; Morris, 1993). Executive function was assessed using Stroop 

interference, letter fluency, category fluency and category switching (from the Delis-Kaplan 

Executive Function System 45), and action fluency and Trails B. Attention, working memory 

and processing speed was evaluated using digits forwards/backwards, digit ordering, map 

search task (from the Test of Everyday Attention), Stroop color reading, Stroop word reading 

and Trails A. Memory was measured with the California Verbal Language Test-II Short Form 

(acquisition, short and long delays), and the Rey Complex Figure Test (short and long delays); 

impairment in either or both delay components of each memory test counted as one impairment. 

Visuoperceptual/visuospatial performance was determined using the judgment of line 

orientation, fragmented letters test, the picture completion test and the Rey Complex Figure 

Test-Copy. Language was assessed using the Boston Naming Test, Dementia Rating Scale-2 

similarities sub-test, and the language component of the Alzheimer’s Dementia Assessment 

Cognitive Scale (object and finger naming, commands, comprehension, spoken language and 

word-finding difficulties). Scoring of the neuropsychological tests was conducted using age- 

and education-adjusted normative data. Participants also completed the Montreal Cognitive 

Assessment (MoCA). Global Z scores were derived from the average of each domain and 

averaged across domains. Classification of PD-MCI required two deficits at 1.5 standard 

deviations (SD) or more below age and education-adjusted norms but everyday function not 

significantly impaired; these criteria discriminate PD-N from those PD-MCI patients who are 
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at increased risk of PD-D over four years (Wood et al., 2016). Impairments in everyday 

cognitive function not attributed to motor impairments were necessary for a PD-D diagnosis, 

based on interviews with a significant other using the Clinical Dementia Rating, the Global 

Deterioration Scale and instrumental activities of daily function assessment (Morris, 1993; B. 

Reisberg et al., 1982; Barry Reisberg et al., 2001).  Motor examination of the PD patients was 

performed using the Unified PD rating scale part III (UPDRS III) and Hoehn and Yahr staging 

(H&Y). 

4.3.4 Measurement of concentrations of cGP in plasma using HPLC-MS 

The HPLC-MS assay was utilized to measure the concentration of cGP in the samples. The 

protocol for plasma cGP extraction and HPLC-MS has been described in section 2.2.4 and 

2.2.5.  

4.3.5 Measurement of plasma concentration of IGF-1 and IGFBP-3 using 

ELISA 

The concentrations of IGF-1 and IGFBP-3 were measured by ELISA. The protocol has been 

described in section 2.2.3. 

4.3.6 Statistical analysis 

SPSS (IBM SPSS Statistics 24, Chicago, IL, USA) was used for the statistical analysis and 

making figures. Parametrical data were analysed using independent-samples t-test and one-

way ANOVA with Tukey post hoc tests for comparison between controls and PD-N and within 

PD groups respectively. Non-parametric data were analysed using the Mann-Whitney U test 

and Kruskal-Wallis test with Dunn-Bonferroni post hoc test accordingly and presented as 

median (range). The gender effects were analysed using the Chi-Square test. The Mann-

Whitney U test was used to compare the education years between PD-N and control groups. 
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Kruskal-Wallis test with Dunn-Bonferroni post hoc test was used for comparing the education 

years, LED and H&Y score within PD groups. Data from the non-parametric analysis were 

presented as median (range). The data that were normally distributed were analysed using 

unpaired t-test or one-way ANOVA with Tukey post hoc tests and presented as mean (SEM).To 

find whether age-related changes in cGP/IGF-1 ratio is associated with cognitive status 

(normal, MCI and dementia) in PD, a multiple regression test with interaction terms was 

performed. Following a significant interaction effect, a simple slope analysis was performed to 

show the specific relationship of biological measures with age in the three PD groups with 

different cognitive status. The correlations between biological measures and global cognitive 

scores in controls were analysed using Pearson correlation analysis. The relationships after 

adjustment for age in controls were also analysed using multiple regression analysis. The 

significant level was set at p < 0.05. Data are presented as mean ± SEM unless otherwise stated. 

 Results 

4.4.1 Demographic characteristics 

Table 4.1 summarized the demographic data of the patients and healthy controls. Between the 

PD-N group and controls, there was no significant difference in gender and education, but the 

PD-N group was averagely younger than the control group (p = 0.03). Compared with the PD-

N group, the PD-MCI but not the PD-D group had fewer years of education (p = 0.004 and 

0.21 respectively).  
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Table 4.1 Demography of control participants and PD patients  

 
Control 

(n=23) 

PD-N 

(n=74) 

PD-MCI 

(n=71) 

PD-D 

(n=33) 

p 

Valuea 

p 

Valueb 

Age, y 
74.53 

(1.37) 

70.91 

(0.82) 

72.89 

(0.76) 

76.17*# 

(0.93) 
.03 .001 

F/M 8/15 28/46 19/52 5/28 ns  

Education 

Median (Range) 

13 

(10-18) 

13 

(9-20) 

11* 

(8-19) 

11 

(9-20) 
ns .005 

Years since 

symptom duration 
 

11.56 

(.61) 

11.60 

(.57) 

11.40 

(1.19) 
 ns 

Years since 

diagnosis 
 

8.96 

(.53) 

10.04 

(.56) 

10.07 

(1.17) 
 ns 

LED 

Median (Range) 
 

845.37 

(0-3893) 

914.38 

(0-3162) 

798 

(0-3140) 
 ns 

a, the comparison between PD-N and controls; b, the overall comparison between PD groups. * p<0.05, compared to PDN; 

#p<0.05 compared to PD-MCI. LED: Levodopa equivalent dose. Data were shown as mean (SEM) if not specifically stated. 

4.4.2 Neuropsychological assessment and biological changes 

Table 4.2 summarized the neurophysiological and biological data of the patients and healthy 

controls. Compared with the controls, the PD patients had more severe cognitive impairment 

shown by a lower cognitive rating scale.  The concentrations of plasma cGP or cGP/IGF-1 

molar ratio, IGF-1 was similar between the two groups. The PD groups had a higher IGF-

1/IGFBP-3 ratio (p = 0.03).  Compared with the PD-N group, the PD-MCI and PD-D group 

had lower UPDRS and higher cognitive function rating scores. Compared with the PD-N and 

PD-MCI group, the PD-D group had lower plasma IGF-1 concentrations. There was no 

difference in other biological measures between PD groups.  
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Table 4.2 Clinical and biological characteristics of the control participants and PD 
patients 

(ng/ml) 
Control 

(n=23) 

PDN 

(n=74) 

PDMCI 

(n=71) 

PDD 

(n=33) 

p  

Valuea 

p 

Valueb 

H&Y 

Median (Range) 
 

    2.50 

(1-3) 

2.50** 

(1-5) 

3.00*** 

(2-5) 
 < 0.001 

UPDRSIII   
35.20 

(1.68) 

43.73* 

(1.84) 

48.95* 

(2.95) 
 < 0.001 

MoCA 
27.57 

(0.32) 

26.51 

(0.27) 

22.53* 

(0.34) 

16.85*# 

(0.86) 
0.01 < 0.001 

Global Z Score 
.87 

(0.08) 

0.33 

(0.06) 

-0.85* 

(0.06) 

-1.79*# 

(0.14) 
< 0.001 < 0.001 

IGF-1 
146.27 

(10.41) 

159.50 

(6.03) 

160.30 

(5.95) 

135.20*# 

(8.15) 
ns 0.03 

IGFBP-3 
3332.92 

(154.22) 

3128.31 

(74.55) 

3166.86 

(85.41) 

2865.40 

(122.71) 
ns ns 

cGP 
7.44 

(1.69) 

7.41 

(0.54) 

7.56 

(0.61) 

6.24 

(0.74) 
ns ns 

cGP/IGF-1  

ratio 

2.32 

(0.61) 

2.07 

(0.17) 

2.11 

(0.20) 

2.10 

(0.31) 
ns ns 

IGF-1/IGFBP-3 

ratio 

0.18 

(0.009) 

.21 

(0.007) 

.21 

(0.007) 

.19 

(0.008) 
0.03 ns 

H&Y: Hoehn and Yahr scale; MDS-UPDRS: Movement disorder society-Unified Parkinson’s disease rating scale; MoCA: 

Montreal Cognitive Assessment; Global Z score: mean derived from executive function, attention, learning & memory, and 

visuoperceptual/visuospatial. a, comparison between PDN and controls; b, comparison in PD groups; Data were shown as 

mean (SEM), *p<0.05, ** p<0.01, ***p<0.001 compared to PD-N. #p<0.05 compared to PDMCI. 
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4.4.3 The relationship between cognitive scores and plasma cGP/IGF-1 and 

other IGF-1-related biological measures in controls  

Pearson correlation analysis showed that the cGP/IGF-1 molar ratio was positively correlated 

to global Z score (r = 0.52, p = 0.01) and had a trend towards a positive correlation with the 

MoCA score (r = 0.37, p = 0.08) in the controls. Plasma cGP was positively correlated to the 

MoCA score (r = 0.42, p = 0.048) and global Z score (r = 0.57, p = 0.005) in the controls. Other 

IGF-1-related changes (plasma IGF-1, IGFBP-3 and IGF-1/IGFBP-3 molar ratio) were not 

significantly associated with the scores in controls. After adjustment for age, plasma cGP was 

still positively correlated to the MoCA score (B = 0.10, p = 0.006) and global Z score (B = 

0.02, p = 0.009) (Table 4.3). The cGP/IGF-1 molar ratio was also still positively correlated to 

the global Z score (B = 0.07, p = 0.02) and the MoCA score (B = 0.25, p = 0.02) (Table 4.3). 

Other IGF-1-related changes were still not related to cognitive scores (Table 4.3).  

Table 4.3 Association between biological measures and cognitive scores after being 
adjusted for age in the control group  

Groups 

Dependent variable 

(Independent 

variable) 

 
IGF-1 

(ng / ml) 

cGP 

(ng / ml) 

cGP 

/IGF-1 

molar 

ratio 

IGFBP-3 

(ng / ml) 

IGF-1 

/IGFBP-3 

molar 

ratio 

Control  

MoCA 

(Age) n=23 

B 0.005 0.10 0.25 0.001 12.09 

P 0.42 0.006** 0.01* 0.35 0.07 

Global Z score 

 (Age) n=23 

B 0.000 0.02 0.07 0.000 1.86 

P 0.99 0.009** 0.02* 0.27 0.35 

MoCA: Montreal Cognitive Assessment; Global Z score: global measure of cognitive function derived from 
comprehensive neuropsychological testing. B: unstandardized co-efficiency. *P < 0.05; **P < 0.01 



Chapter 4 – Changes of plasma cGP/IGF-1 molar ratio with age is associated with the 
cognitive status of Parkinson’s disease 

55 

4.4.4 The relationship between age and plasma cGP/IGF-1 molar ratio in PD-N, 

PD-MCI and PD-D 

To explore if age-related changes in plasma cGP/IGF-1 ratio are related to cognitive status in 

PD, relationships between age and plasma cGP/IGF-1 ratio in PD-N, PD-MCI and PD-D were 

analysed. The moderation analysis showed that there was an interaction effect of age and PD-

D on cGP/IGF-1 molar ratio, B = -0.18, 95%CI [-0.29, -0.06], t = -3.04, p = 0.003 (Table 4.4), 

suggesting that the relationship of age with cGP/IGF-1 molar ratio is significantly different 

between the PD-D and the PD-N group.  

Table 4.4 the relationship between age and cGP/IGF-1 in each PD group 

B: beta coefficients; 95%CI: 95% confidence intervals. 
 

Figure 4.2 shows the relationship between age and cGP/IGF-1 molar ratio across the PD 

groups. There was a positive association between age and cGP/IGF-1 molar ratio in the PD-N 

group (B = 0.09, p<0.001). There was non-significant positive correlation between age and 

cGP/IGF-1 molar ratio in the PD-MCI group (B = 0.04, p = 0.13). In contrast to the PD-N 

group, the PD-D group showed a significant negative correlation between age and cGP/IGF-1 

molar ratio (B = -0.08, p = 0.04).  

 B 95%CI t p 

Age 0.09 

 

[0.04, 0.14] 3.53 <0.001 

PD-MCI -0.13 [-0.65, 0.39] 1.16 0.24 

PD-D 0.25 [-0.51, 1.01] 2.98 0.003 

Age×PD-MCI  -0.05 [-0.12, 0.03] -1.20 0.23 

Age×PD-D  -0.18 [-0.29, -0.06] -3.04 0.003 
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Figure 4.2 The relationship between age and cGP/IGF-1 molar ratio at three levels of 
cognitive status in PD 

  

4.4.5 The relationship between age and plasma IGF-1 in PD-N, PD-MCI and 

PD-D 

Plasma IGF-1 is involved in the autocrine regulation of IGF-1 function and thus its relationship 

with age was analysed. The moderation analysis showed that there were no significant 

interaction effects of age and cognitive status on cGP (Table 4.5), suggesting that the 

relationship of age with IGF-1 is not significantly different in each PD group. However, the 

PD-N group showed a negative association between age and cGP (B = - 2.85, p <0.001)  
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Table 4.5 the relationship between age and IGF-1 in each PD group 

B: beta coefficients; 95%CI: 95% confidence intervals. 

 

4.4.6 The relationship between age and plasma cGP in PD-N, PD-MCI and PD-

D 

The moderation analysis showed that there were no significant interaction effects of age and 

cognitive status on cGP (Table 4.6). However, the PD-N group showed a positive association 

between age and cGP concentrations (B = 0.16, p = 0.04)  

 

Table 4.6 the relationship between age and cGP in each PD group 

B: beta coefficients; 95%CI: 95% confidence intervals. 

 B 95%CI t p 

Age -2.85 

 

[-4.43, -1.27] -3.56 <0.001 

PD-MCI 6.04 [-10.21, 22.30] 0.73 0.46 

PD-D -21.36 [-44.54, 1.81] -1.82 0.07 

Age×PD-MCI  1.87 [-0.51, 4.24] 1.54 0.12 

Age×PD-D  3.45 [-0.09, 6.99] 1.92 0.06 

 B 95%CI t p 

Age 0.16 

 

[0.01, 0.31] 2.12 0.04 

PD-MCI -0.18 [-1.75, 1.40] -0.22 0.82 

PD-D -0.65 [-2.94, 1.63] -0.56 0.57 

Age×PD-MCI  -0.02 [-0.25, 0.21] -0.17 0.86 

Age×PD-D  -0.33 [-0.68, 0.01] -1.91 0.06 
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4.4.7 The relationship between age and plasma IGFBP-3 in PD-N, PD-MCI and 

PD-D 

The moderation analysis showed that there were no significant interaction effects of age and 

cognitive status on cGP (Table 4.7), suggesting that IGFBP-3 is not significantly different for 

different cognitive status in our PD population. Moreover, no significant association between 

age and cGP concentrations was shown in all PD groups. 

Table 4.7 the relationship between age and IGFBP-3 in each PD group 

B: beta coefficients; 95%CI: 95% confidence intervals. 

4.4.8 The relationship between age and plasma IGF-1/IGFBP-3 in PD-N, PD-

MCI and PD-D 

The moderation analysis showed that there were no significant interaction effects of age and 

cognitive status on the IGF-1/IGFBP-3 molar ratio (Table 4.8), suggesting that the effect of 

age on plasma cGP is not significantly different for different cognitive status in our PD 

population.  However, the PD-N group showed a positive association between age and IGF-

1/IGFBP-3 (B = -0.003, p = 0.005) 

 

 B 95%CI t p 

Age -11.65 

 

[-33.58, 10.26] -1.05 0.30 

PD-MCI 58.85 [-171.30, 289.00] 0.50 0.61 

PD-D -267.08 [-588.42, 54.26] -1.64 0.10 

Age×PD-MCI  11.36 [-21.87, 44.59] 0.67 0.50 

Age×PD-D  18.64 [-30.30, 67.58] 0.75 0.45 
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Table 4.8 the relationship between age and IGF-1/IGFBP-3 in each PD group 

B: beta coefficients; 95%CI: 95% confidence intervals. 

 

 Discussion 

To the best of my knowledge, this is the first clinical exploration on whether plasma cGP/IGF-

1 molar ratio is a biomarker for IGF-1 function and thus could be related to changes in the 

cognitive status of PD patients. In general, our findings suggest that the higher molar ratio of 

cGP/IGF-1 has an association with better preserved cognitive function, possibly by improving 

the amount of bioavailable IGF-1 in plasma. In PD patients, the cGP/IGF-1 molar ratio 

increased with age in the PD-N group. Such an association was absent in PD-MCI and reversed 

to a decrease with age in PD-D groups. On the contrary, plasma IGF-1 or IGF-1/IGFBP-3 was 

lack of this sort of variation. Thus, these age-related variations in the cGP/IGF-1 molar ratio 

may assist in predicting cognitive status and the risk of advancing cognitive impairments in 

PD. This finding, if further confirmed through longitudinal studies, has the potential to be 

developed for clinical use as a prognostic biomarker for cognitive impairment in PD.  

Inverse effects between aging and PD pathology on plasma IGF-1 have been reported (Godau 

et al., 2010; Muller et al., 2012). Because of difference in the severity of motor and cognitive 

 B 95%CI t p 

Age -0.003 

 

[-0.004, 0.001] -2.83 0.005 

PD-MCI 0.002 [-0.02, 0.02] 0.25 0.80 

PD-D -0.02 [-0.04, 0.01] -0.56 0.22 

Age×PD-MCI  0.001 [-0.002, 0.004] -0.17 0.37 

Age×PD-D  0.003 [-0.001, 0.008] -1.91 0.10 
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deficits, and age between PD groups, the collective pathophysiology of brain aging, cognitive 

impairments and PD motor deficits could lead to a moderate decrease of plasma IGF-1 in PD-

D patients with cGP and IGFBP-3 remaining similar between the groups (Table 4.2).  

A role of cGP in cognitive function has been previously demonstrated in rats (Guan, Zhang, 

Dale-Gandar, Hodgkinson, & Vickers, 2010; Singh-Mallah et al., 2016). The higher cGP/IGF-

1 molar ratio, but not the IGF-1/IGFBP-3 molar ratio, was significantly associated with better 

global cognitive function in the non-PD participants and this association was independent of 

age. These results suggest that the old healthy people with a higher cGP/IGF-1 ratio may have 

a better global cognitive function. 

Age-related decline of IGF-1 is a major contributor to cognitive impairment (Muller et al., 

2012; O. Okereke et al., 2007; O. I. Okereke et al., 2006). Plasma IGF-1 decreased with age in 

PD-N patients (Table 4.5). As an autocrine response to IGF-1 deficiency to improve the 

bioavailability of  IGF-1 in plasma ( Guan et al., 2018; Guan et al., 2014; Singh-Mallah et al., 

2016), plasma cGP and cGP/IGF-1 ratio correspondingly increased with age in this group 

(Table 4.6 and Table 4.4). These data suggest that an older person with a higher cGP/IGF-1 

ratio may have better-preserved cognition. Compared to the non-PD controls, the PD-N 

patients were younger but showed lower global cognitive scores. This initial ‘decline’ in 

cognitive function may result from accelerated brain aging (Schneider et al., 2017). Although 

the mechanism of increasing enzymatic production of cGP is not known, the changes of 

cGP/IGF-1 along aging reflect the decline of IGF-1 function with age and the increase of cGP 

is to improve IGF-1 function (Guan et al., 2018). An increasing cGP/IGF-1 ratio with age in 

PD-N due to premature brain aging may serve as a potential biomarker for cognitive risk, but 

this notion needs to be examined in a future longitudinal study.   
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The association of a higher cGP/IGF-1 ratio with greater age in PD-N patients was absent in 

the PD-MCI patients and reversed in the PD-D patients, driven by the low plasma cGP. Low 

plasma cGP impairs autocrine regulation which has been suggested in hypertension (Guan et 

al., 2018) and stroke patients (Fan et al., 2019). Intervention with cGP protects against vascular 

and neuronal damages after ischemic brain injury (Guan et al., 2014) and normalizes systolic 

blood pressure in rats (manuscript under the review with Journal of Functional Foods). This 

impairment of autocrine regulation may similarly contribute to cognitive impairment in PD. 

The absence and reversed relationships of cGP/IGF-1 ratio with age in PD-MCI and PD-D 

patients may be the result of progressive impairment of autocrine regulation. The results from 

this study suggest that an initial or progressive loss of positive association between cGP/IGF-

1 ratio and age may potentially be developed as a biomarker for the early diagnosis or the 

prognosis of cognitive function in PD patients.  

IGF-1 is essential for vascular remodeling of the adult brain acting from the blood face of the 

blood-brain barrier (Lopez-Lopez et al., 2004). The mechanism of cGP in neuroprotection is 

mediated through improving vascular remodeling/function of IGF-1 in rat brain (Guan et al., 

2014). Given the nature of vascular degeneration in cognitive impairments (Vemuri et al., 

2017), the changes in plasma cGP/IGF-1 ratio that represent the amount of bioavailable IGF-1 

could represent the IGF-1 function in cerebral vascular remodeling related to cognitive 

function. 

MoCA is a brief test of cognitive function that uses short questions across domains to test 

global function. The global Z, derived from an extensive battery of tests, uses multiple tests 

within any one domain to test function. It is uncertain which one is better. Both have their place 

and reporting both has the advantage. Direct comparisons with other studies will be possible 

when using the MoCA given that this measure is now a general standard. The global Z probably 
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gives a better reflection of the cognitive function of an individual, given it is derived from more 

extensive testing. We use these scores for the relationship analysis in controls but not PD 

patients because the PD-N, PD-MCI and PD-D group is not only defined by these scores and 

thus the relationship between IGF-1 function and cognitive scores may be biased.  

There are advantages in this study. Compared with other studies investigating IGF-1 function 

and global cognitive scores in PD, this study managed to include three groups of PD patients 

with more accurate cognitive status. Additionally, the recruitment of dementia patients in 

research can be challenging (Bartlett et al., 2018). Including a group with PD-D in the study 

provides a more complete picture of IGF-1 function in PD cognitive impairment.  

There are limitations in this study. First, the sample size in the controls and PD-D group is 

small. However, a correlation between cGP and cognitive function suggests a promising 

application of cGP on monitoring cognitive function in normal people. Secondly, the cross-

sectional design limits the ability of biomarkers for predicting longitudinal outcomes. A larger 

longitudinal study is needed to validate our results.  

 Summary 

The increase of cGP/IGF-1 ratio with age preserved cognitive function in PD patients whereas 

the decrease of cGP/IGF-1 ratio with age is associated with dementia, with the MCI patients a 

transition phase between them. These observations raise the possibility that the associations of 

cGP/IGF-1 ratio with age may assist to predict cognitive status and the risk of advancing 

cognitive impairment in PD patients, if further confirmed in a larger and longitudinal trial. 
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5 Supplementation of blackcurrant anthocyanins increased 

cyclic glycine-proline in the cerebrospinal fluid of Parkinson 

patients: potential treatment to improve insulin-like growth 

factor-1 function 

 Summary of chapter contents 

This chapter may provide a natural and achievable way to improve IGF-1 function and thus 

stroke recovery and cognition. The collection of samples and clinical data was accomplished 

by Yassar Alamri and the clinical data were used for his thesis. Therefore, this study only 

included clinical information as a background and the analysis of biological measures in my 

thesis. The analysis related to clinical data was not included in this thesis. Although no data 

show the relationship between cGP/IGF-1 molar ratio and clinical outcomes, this chapter 

suggests that plasma cGP have a better ability than IGF-1 to cross the blood-CSF barrier and 

could be a likely source for the increase of CSF cGP. This chapter firstly investigates the 

presence of cGP in the blackcurrant anthocyanins (BCA) and then the changes in concentrations 

of cGP, cGP/IGF-1 molar ratio, IGF-1 and IGFBP-3 in both plasma and CSF of PD patients 

before and after a 28-day BCA supplementation. Moreover, this chapter compared the central-

uptaking efficiency of cGP with IGF-1 in plasma. This chapter was recently published as an 

original research article in Nutrients. 

 Introduction 

PD is the second most common neurodegenerative condition. IGF-1, a neurotrophic 

factor, plays an essential role in neuronal survival and brain functions. IGF-1 resistance, 

characterized by the increase of circulating IGF-1 with impaired IGF-1 function, plays a role 

in the disease progression, cognitive impairment and pathology of idiopathic PD (Baldini et 

al., 2013; Cassilhas et al., 2010; Kao, 2009; Picillo et al., 2013). Thus, changes of plasma 
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IGF-1 have been under clinical development for monitoring the changes of IGF-1 function, 

in order to predict the prognosis and treatment responses in PD (Ma et al., 2015). However, 

the measurable IGF-1 in plasma is largely inactive. The majority of plasma IGF-1 is bound 

to IGFBPs, in which more than 75% is IGFBP-3 (Binoux, 1995). Binding to IGFBP-3 

prevents IGF-1 from activating IGF-1 receptors, also from being metabolized (Binoux, 1995). 

Therefore, IGFBP-3 regulates IGF-1 function in both stimulatory and inhibitory manners, 

namely the autocrine regulation of IGF-1 (Binoux, 1995). Only a small amount of unbound 

IGF-1 in plasma is bioactive and the window of opportunity for directly detecting unbound 

IGF-1 is small because unbound IGF-1 is either rapidly metabolized or internalized after 

interacting with IGF receptors. Therefore, plasma IGF-1 concentration does not represent the 

function of IGF-1. Nonetheless, the IGF-1 concentration in plasma is still frequently 

evaluated for indicating IGF-1 function (Guan et al., 2015; Ma et al., 2015). As an alternative, 

the ratio of IGF-1/IGFBP-3 has been used for indicating ‘free’ bioactive IGF-1. Yet, the 

measurement includes a large amount of free IGFBP-3 (Guan et al., 2018); thus, is still not a 

reliable representation of bioavailable IGF-1.  

A better representation of the bioavailability of IGF-1 is instead feasible by measuring the levels 

of cGP, a metabolite of ‘free’, bioactive IGF-1 (Guan et al., 2018; Singh-Mallah et al., 2016). 

The cGP is formed from the N-terminal tripeptide of IGF-1 after being cleaved by an acid 

enzyme (Bourguignon & Gérard, 1999; Guan et al., 2015; Nilsson-Håkansson et al., 1993; Sara 

et al., 1993; Yamamoto & Murphy, 1994, 1995). The N-terminal of IGF-1 is a primary binding 

site for IGFBP-3 (Sara et al., 1993) and cGP remains the same affinity of interacting with 

IGFBP-3 in a concentration-dependent manner (Guan et al., 2014). The function of cGP is 

mediated through competing with the binding of IGF-1 to IGFBP-3 (Guan et al., 2014), in which 

the higher ratio of cGP/IGF-1 associates with a greater bioavailable IGF-1 and better IGF-1 

function (Guan et al., 2014). Administration of cGP protects the brain from ischemic injury in 

rats by improving IGF-1 function (Guan et al., 2007; Guan et al., 2014). A structure analog of 
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cGP also protects dopamine neurons from 6-hydroxydopamine induced injury and improves 

long-term functional recovery in a rat model of PD (Guan, Krishnamurthi, et al., 2000; 

Krishnamurthi et al., 2009).  

High consumption of berry-fruits has been reported to be associated with a lower risk of PD 

(Gao, Cassidy, Schwarzschild, Rimm, & Ascherio, 2012). In an open-label study, PD patients 

show lower Hospital-associated Anxiety and Depression Scale (HADS) score after the 

supplementation of BCA (Alamri et al., 2016). However, the authors have disassociated the 

improved neuropsychological outcome with the supplementation, thus the mechanism 

underlying the beneficial effect of BCA remains unclear. It has been reported that the effects of 

anthocyanin on preventing apoptosis and cardiac dysfunction are mediated through activating 

IGF-1 receptors and signaling pathways in diabetic rats (P.-C. Huang et al., 2017). In addition, 

purple wheat is high in anthocyanins and the effects of purple wheat on prolonging the life span 

of Caenorhabditis elegans are associated with the IGF-1 signaling pathway (Chen et al., 2013). 

We, therefore, sought to examine the possibility of BCA intake on altering IGF-1 function by 

examining CSF and plasma levels of cGP, IGF-1 and IGFBPs.  

 Materials and Methods  

5.3.1 Recruitment and clinical information of PD patients  

The recruitment and clinical background of the patients in the clinical trial have been described 

in a previous publication (Alamri et al., 2016). Briefly, the patients were recruited form the Van 

der Veer Movement Disorders clinic and from the patient database of New Zealand Brain 

Research Institute. Patients were eligible to enroll in the study irrespective of the stage of 

disease and time since diagnosis. The patients were aged 40 years or older and met the UK 

Brain Bank criteria for idiopathic PD confirmed by a movement disorders neurologist. The 

study was approved by the Upper South A Regional Ethics Committee (reference: 

URA/10/03/022). A flowchart of the study population shows the patients recruiting (Figure 5.1). 
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Figure 5.1 Flowchart of the study population.  

*, & due to the amount of CSF samples available for analysis, seven pairs of CSF samples were analysed for cGP 

and six pairs for IGF-1 and IGFBP-3. The data from one participant were excluded from statistical analysis due to 

a 15-time increase in CSF cGP and 19 times increase in plasma cGP after supplementation. 

Patients were assessed by experts using UPDRSIII and also administered a battery of 

psychocognitive tests before obtaining the samples at the first visit. These included the HADS, 

the Mini-Mental State Examination (MMSE), MoCA and the PD Questionnaire (PDQ-39). To 

avoid any learning effects different versions of the tests were used for the second visit if 

available. Table 5.1 shows the clinical information and assessments of the patients prior to the 

trial. The majority of patients were diagnosed as idiopathic PD without obvious cognitive 

impairment.  
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Table 5.1 Clinical information of 10 PD patients before BCA supplementation 

Case Age Clinical 

Diagnosis 

UPDRSIII MMSE MoCA HADS PDQ-39 

BM02BC 61 Idiopathic PD 15 29 29 6 43.75 

LE14BC 77 Idiopathic PD 48 27 22 3 31.25 

SE07BC 73 Idiopathic PD 36 30 24 9 90.63 

YY03BC 48 Idiopathic PD 33 29 29 8 59.83 

EK05BC 80 Idiopathic PD 52 29 27 6 156.25 

GD08BC 80 Idiopathic PD 34 28 24 11 134.88 

ED12BC 60 Idiopathic PD 33 30 25 3 65.63 

EY17BC 56 Idiopathic PD 27 30 28 21 159.38 

TN15BC 70 Idiopathic PD 51 28 22 21 250 

KT16BC 55 Idiopathic PD 31 28 26 4 71.88 

HADS, Hospital Anxiety and Depression Scale; MMSE, Mini-mental State Examination; MoCA, Montreal 

Cognitive Assessment; PDQ-39, PD Questionnaire; UPDRS-III, Unified Parkinson’s Disease Rating Scale-part 

three     

5.3.2 Study design 

The current study analysed the biological changes using the plasma and CSF collected from the 

clinical trial. The trial was run over two visits with 28 days apart. During each visit plasma and 

CSF samples were collected. Patients were instructed to consume a “low-anthocyanin diet” (i.e. 

white rice, white bread, tuna, chicken, coffee and non-herbal tea) 12 hours before each visit.  

Following the first visit, patients were supplemented with blackcurrant capsules over the next 

28 days. The dose of BCA concentrated capsules (Super Currantex® 20, Vitality New Zealand, 

previous Just The Berries Ltd. New Zealand) was 300mg taken twice daily for a period of four 

weeks. The last dose was taken during or just before the second visit.
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5.3.3 Sample collection and storage 

The plasma and CSF samples were provided by the New Zealand Brain Research Institute, 

Christchurch, New Zealand. The BCA powder was provided by the Vitality New Zealand. The 

plasma samples were transported on dry ice to the University of Auckland and frozen under -

80 °C immediately. When needed, the samples were thawed at 4 °C and thoroughly vortexed.  

The CSF samples were obtained by lumbar punctures. The CSF sample, collected in a plain 

tube, was transported on wet ice to Endolab, Christchurch, New Zealand, within 15 min of 

collection. The samples were then centrifuged at 3000 rpm for 15 min at room temperature, and 

the supernatant was aliquoted equally between two plain tubes and frozen at −80 °C within 30 

min of sample-receipt. After that, the samples were transported on dry ice to the University of 

Auckland and frozen under -80 °C immediately.  When needed, the samples were thawed at 4 

°C and thoroughly vortexed. 

In vitro samples 

Powder from BCA concentrate capsules (Super Currantex® 20, Vitality New Zealand (previous 

Just The Berries Ltd. New Zealand) were store at 4 °C in a glass bottle sealed with parafilm. To 

analyze the potential presence of cGP in the BCA, the powder was dissolved in Milli-Q water 

with 3 different concentrations of 5, 50, and 100 mg/mL. Each concentration has been analyzed 

in five duplicates. 

5.3.4 Measurement of concentrations of cGP in plasma using HPLC-MS 

HPLC-MS was utilized to measure the concentration of total cGP in the samples. The 

methodology for plasma cGP extraction and HPLC-MS has been described in section 2.2.4 and 

2.2.5.  
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5.3.5 Measurement of plasma concentration of IGF-1 and IGFBP-3 using ELISA 

The concentrations of IGF-1 and IGFBP-3 were measured by ELISA. The methodology has 

been described in section 2.2.3. 

5.3.6 Statistical Analysis 

A paired t-test was used for analyzing the changes in cGP, IGF-1, IGFBP-3, and the ratio of 

cGP/IGF-1 before and after the BCA supplementation. Two-tailed one samples t-test was used 

for analyzing the percentage changes of concentrations. One-way ANOVA was used for 

analyzing the concentration of cGP of the BCA. Correlations between the biological changes 

were calculated using Pearson tests. A p-value of less than 0.05 is considered to be significant. 

Percentage change was calculated by the following formula: (value after supplementation − 

value before supplementation)/value before supplementation) × 100.  The data were presented 

as mean ± SME and the percentage changes after supplementation. 

 Results 

5.4.1 Analysis of cGP concentration in the BCA 

One-way ANOVA suggested the concentration of cGP was significantly different between the 

samples with different dose of BCA (p < 0.0001, n = 5, Figure 5.2), with a dose-dependent 

increase of cGP concentration in the BCA. Compared to the samples with low dose of BCA (5 

mg/mL), the concentration of cGP was significantly increased in the samples with 50 mg/mL 

BCA (p < 0.0001, n = 5) and further increased when the BCA dose increased to 100 mg/mL (p 

< 0.0001, n = 5). 
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Figure 5.2 A dose-dependent increase of cGP concentration in the BCA. 

Data presented as mean ± SEM, *** p < 0.000 

5.4.2 Analysis in CSF and plasma  

         CSF 

There was a significant increase in the concentration of CSF cGP after BCA 

supplementation (from ± 0.67 ng/mL to 12.12 ± 0.94 ng/mL, p < 0.01, n = 6, Figure 5.3a). 

The mean of percentage changes in cGP concentrations was increased by 74.36% after 

supplementation (p < 0.05, t (5) = 3.989). Amongst total seven pairs of samples, six of 

them showed an increase after supplementation (Figure 5.3b). One patient showed 16.9 

times increase (11.30 ng/mL to 191.80 ng/mL) of cGP in the CSF, which has been 

eliminated from the statistical analysis as an outlier (15.7 times of mean, Figure 5.3b). One 

patient did not respond to the supplementation and the cGP concentration of this patient 

remained the same after the supplementation (from 8.8–8.7 ng/mL, Figure 5.3b). There 

was no significant change in the concentrations of IGF-1, cGP/IGF-1 ratio (Figure 5.3c, 

d), and IGFBP-3 (Table 5.2) 
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(a)                                                                           (b) 

 

(c)                                                                             (d) 

Figure 5.3 The changes in the CSF before and after the supplementation of the BCA. 

(a) The concentration of cGP in the CSF was significantly increased after the supplementation compared to that prior 

to the supplementation.  The percentage changes of cGP concentrations were significantly increased in the CSF. 

(b)There 6/7 paired samples showed an increase in cGP after supplementation, with one pair of samples increased 

by 16.9 times. cGP concentration of 1 pair of samples remained the same after the supplementation. (c)There was no 

statistical difference in IGF-1 concentration and percentage change of IGF-1 in the CSF. (d)There was no statistical 

difference in the cGP/IGF-1 ratio and percentage change of the ratio. Data presented as mean ± SEM and the 

percentage change from the baseline, * p < 0.05, ** p < 0.01. 
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Table 5.2  CSF and plasma concentrations of cGP, IGF-1 and IGFBP-3 before and after 
BCA supplementation 

Before the supplementation 

 CSF (ng/ml) 

Mean ± SEM (n=6) 

Plasma (ng/ml) 

Mean ± SEM (n=9-10) 

The ratio of CSF to 

plasma (%) 

IGF-1  1.54 ± 0.26  179.04 ±14.89 (n=10) 0.86% 

cGP  7.27 ±0.67   13.96 ± 1.33 (n=9) 52.01% 

IGFBP-3  26.16 ±2.79  3038.92 ± 111.90 

(n=10) 

0.86% 

 

After the supplementation 

 CSF (ng/ml) 

Mean ± SEM (n=6) 

Plasma (ng/ml) 

Mean ± SEM (n=9-10) 

The ratio of CSF 

to plasma  

IGF-1 2.29 ± 0.67  176.07 ± 14.13 (n=10) 1.30% 

cGP  12.12 ± 0.94 16.92 ±2.79 (n=9) 71.63% 

IGFBP-3 27.69 ± 3.53  3029.09 ± 59.35 (n=10) 0.91% 

The CSF/plasma ratio was <1% in both IGF-1 and IGFBP-3 and 52% in cGP before supplementation and increased 

to 71% after the supplementation 

Plasma 

There were no changes in the concentrations of cGP, IGF-1, and IGFBP-3 following BCA 

supplementation (Table 5.2). Table 5.2 shows the relative values of cGP, IGF-1, and IGFBP-3 

in CSF and plasma before and after supplementation. The CSF/plasma ratio was <1% in both 

IGF-1 and IGFBP-3 and 52% in cGP before supplementation and increased to 71% after the 

supplementation (Table 5.2). 
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5.4.3 Correlation Analysis 

Pearson tests revealed strong correlation between the concentrations of cGP in CSF and plasma 

(r = 0.68, p = 0.01 Figure 5.4a, n = 12), as well as between the molar ratio of cGP/IGF-1 in 

plasma and cGP concentrations in CSF (r = 0.66, p = 0.01, Figure 5.4b, n = 12). 

 

(a) (b) 

Figure 5.4 Correlation between the concentrations of cGP in CSF and plasma.  

(a) There was a significant positive correlation between CSF and plasma cGP (r = 0.68, p < 0.01). (b) There was a 

significant positive correlation between CSF cGP and plasma cGP/IGF-1 (r = 0.66, p < 0.01). 

There was no correlation in IGF-1 concentration between the CSF and plasma (r = −0.10, p = 

0.75) and no correlation between cGP and IGF-1 concentration in both CSF (r = −0.13, p = 

0.69) and plasma (r = 0.05, p = 0.85).  

 Discussion 

As a neuropeptide, cGP is a natural nutrient of the BCA. It is unclear if cGP is derived from 

IGF-1 or other proteins in blackcurrant in the blackcurrant extracts because IGF-1 was the only 

protein known to form cGP and, to my knowledge, has not been measured in blackcurrant 

extracts. The supplementation of the BCA led to an increase of CSF cGP in PD patients, 

suggesting oral availability and effective brain uptake of cGP. The cGP concentrations were 

correlated between the CSF and plasma, suggesting the plasma cGP may be the potential source. 
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Given the well-characterized function and mechanisms of IGF-1 and cGP in brain protection, 

the supplementation of the BCA may be further developed for treating neurological conditions 

through a larger clinical trial.  

Neuroprotective effects of cGP have been demonstrated in a rat model with ischemic brain 

injury (Guan et al., 2007). The treatment effects of cGP are mediated by improving IGF-1 

function by increasing bioavailable IGF-1 (Guan et al., 2014). Administration of a structure 

cGP analogue, cyclic Glycine-2ally-Proline (NNZ 2591), after the onset of motor deficits, 

improves long-term motor function in a rat model of PD (Krishnamurthi et al., 2009) and 

normalizes neuroplasticity in a rat model with acute memory impairment (Guan et al., 2010). 

The effectiveness of cGP and cGP analogue in brain protection and functional recovery proves 

that cGP is a neurotrophic agent. Supplementation of the BCA, which has such neurotrophic 

nutrients, increased CSF cGP concentration in PD patients. The data provide the first clinical 

evidence for oral availability and effective central uptake of cGP following the intake of foods. 

cGP is a small and lipophilic molecule (192 d) and is able to cross the BBB in vivo (Li et al., 

2019). Approximately 52% of plasma (endogenous) cGP found in the CSF before the 

supplementation, which increased to 71% after the supplementation. Given the ability of cGP 

crossing the BBB, the significant correlation between CSF and plasma concentration of cGP 

may suggest that the plasma cGP could be a likely source for the increase of CSF cGP, even 

though the supplementation did not change plasma concentration of cGP. We did not see a 

correlation between cGP and IGF-1 in the CSF, which could not exclude the possibility that a 

small part of CSF cGP forms from IGF-1 in the central nerve system (CNS), as the enzyme that 

cleaves IGF-1 also occurs in the CNS (Yamamoto & Murphy, 1995). 

In contrast to cGP, the CSF concentration of IGF-1 was about 1% of that in the plasma, 

suggesting that CSF IGF-1 was largely independent of circulating IGF-1. IGF-1 is a larger 

molecule (7600 d) than cGP, with limited ability to cross the BBB (Thorne et al., 2004). Using 
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post-mortem human brain tissue, we have recently reported that the BBB function is not 

compromised in most of the brain regions of idiopathic PD cases that show the absence of 

dementia-related pathology (Yang et al., 2015). It is possible that the demand for trophic 

supports of degenerating brains promotes cGP transfer from plasma to CSF.  Indeed, the direct 

administration of cGP to CSF protects brains from ischemic injury (Guan et al., 2014). 

Therefore, further increase of CSF cGP after supplementation of anthocyanin may potentially 

lead to the improvement of IGF-1 function in PD brains. Activating IGF-1 receptors and 

signaling pathways has been suggested to be the mechanism underlying the treatment effects of 

anthocyanin that prevents apoptosis and cardiac dysfunction in diabetic rats (P.C. Huang et al., 

2017). However, clinical benefits from BCA supplementation were not conclusive, as the 

changes of CSF cGP were not significantly correlated with the HADS scores (p = 0.18, r = 0.39, 

data not shown). Large clinical trials are essential to confirm the efficacy of BCA 

supplementation in the clinical outcome of PD. 

The majority of plasma IGF-1 is inactive due to the binding to IGFBPs (Binoux, 1995). 

Nonetheless, the increase in plasma IGF-1 has been used for indicating IGF-1 resistances in PD 

patients (Picillo et al., 2013). However, such changes in plasma IGF-1 are not always observed 

(Tuncel et al., 2009). The increased plasma IGF-1 in PD may be an ineffective endocrine 

response to IGF-1 deficiency and fail to produce more circulating IGF-1. The limited central 

uptake of IGF-1 could be a contributing factor to IGF-1 resistance in PD patients (Picillo et al., 

2013). Circulating IGF-1 may decline when the condition of PD deteriorates to the stage with 

the complication of cognitive impairment (Ma et al., 2015; Tong et al., 2009). 

Apart from increasing IGF-1 production, namely, endocrine regulation, the IGF-1 function is 

also regulated by improving autocrine/paracrine regulations, particularly under the situation that 

IGF-1 production is insufficient (Gluckman et al., 1992; Guan et al., 2018). The deficiency of 

IGF-1 could be the result of impaired autocrine regulation through interacting with IGFBPs 
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(Guan et al., 2018). We have reported the role of cGP in regulating IGF-1 bioavailability by 

competing with IGF-1 binding to IGFBP-3 (Guan et al., 2014) under both physiological (Singh-

Mallah et al., 2016; Singh‐Mallah et al., 2017)  and pathological conditions (Guan et al., 2018). 

The competitive binding between IGF-1 and cGP is concentration-dependent, resulting in more 

cGP and more active IGF-1. Our observations from other clinical and experimental studies show 

that the increase of cGP and/or cGP/IGF-1 ratio is associated with weight changes in obese 

women (Guan et al., 2018), post-natal development (Singh-Mallah et al., 2016), and 

spontaneous recovery in stroke patients (Fan et al., 2019). Therefore, the changes in plasma 

cGP and/or cGP/IGF-1 ratio may provide an additional indication of IGF-1 function. Autocrine 

regulation of IGF-1 may present in the CNS, which could be different from that in plasma 

(Binoux, 1995). Given the limited access to CSF samples, a larger clinical trial is essential for 

determining whether plasma cGP and cGP/IGF-1 ratio would provide a reliable indication for 

IGF-1 function in PD and other neurological conditions with intact BBB. 

Even though the results were significant, this pilot study has a clear limitation due to the small 

sample size. The interpretation of the results should be cautious until a confirmation is received 

from large clinical trials. A total of 6 out of 7 patients had positively responded to the 

supplementation by showing increases of cGP in the CSF, suggesting the change is sensitive. 

One patient did not respond to the treatment and had the highest score of PDQ-39. With 10 

patients in each group, we also detected a significant decrease in plasma cGP in hypertensive 

women and an increase of cGP/IGF-1 ratio in obese women (Guan et al., 2018). The 

longitudinal design used in the current trial may eliminate some clinical variations and improve 

the sensitivity of the changes in plasma cGP and cGP/IGF-1 ratio (Guan et al., 2018). The 

clinical research for evaluating cGP and cGP/IGF-1 ratio for the IGF-1 function is still in its 

infancy. If it confirmed through large trials, the changes of plasma cGP would help to 

individualize BCA intervention. 



Chapter 5 – Supplementation of blackcurrant anthocyanins increased cyclic Glycine-Proline in 
the cerebrospinal fluid of Parkinson patients: potential treatment to improve insulin-like growth 
factor-1 function 

78 

My study only focused on the oral bioavailability of the cGP and did not study the long-term 

tolerability and side effects of the of BCA treatment. To my knowledge, the long-term 

tolerability of BCA treatment has not been reported, while a cGP analogue is generally 

recognized as safe (Bachurin et al., 2018). However, clinical data is currently unavailable. In 

the future, a long-term tolerability of BCA treatment could be researched in larger clinical 

studies. 

 

 Summary 

This study for the first time provided clinical evidence of oral availability and better 

brain uptake of cGP than that of plasma IGF-1 after supplementation of the BCA. The 

increased cGP in the CSF of PD patients may be the result of the central uptake of 

plasma cGP. This is a potential treatment for improving circulating IGF-1 function if 

confirmed by larger clinical trials.  
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6 General discussion 

This thesis addressed the hypothesis that plasma cGP/IGF-1 molar ratio could be a novel 

biomarker for circulating IGF-1 function and apply to predict stroke recovery and monitor 

cognitive status in PD. The first study examined the changes in plasma cGP/IGF-1 molar ratio 

over 90 days and its relationship with the functional recovery in stroke patients. The second 

study investigated the relationship between age-related changes of plasma cGP/IGF-1 molar 

ratio and cognitive status in PD. A final study examined the oral bioavailability of cGP after 

the BCA supplement. The thesis demonstrated the relationship between cGP/IGF-1 and 

circulating IGF-1 function and its potential application in the stroke and age-related cognitive 

impairment. 

The low cGP/IGF-1 molar ratio in stroke patients suggested an impaired autocrine regulation. 

The increase of cGP/IGF-1 molar ratio in the initial 90 days of stroke recovery paralleled the 

functional recovery, suggesting an effective cGP-mediated autocrine regulation and an IGF-1 

function-mediated recovery (Chapter 3). Moreover, a longitudinal association between 90 days 

of recovery and baseline plasma cGP/IGF-1 molar ratio suggests that the cGP/IGF-1 ratio may 

predict stroke recovery (Chapter 3).  

In PD, the age-related changes of cGP/IGF-1 molar ratio are differently associated with 

cognitive status. We found an increase of cGP/IGF-1 molar ratio with age in PD with normal 

function, suggesting that a higher plasma cGP/IGF-1 molar ratio may maintain the cognitive 

function in PD. In contrast, we detected a decrease of cGP/IGF-1 molar ratio with age in PD 

patients with dementia, suggesting an impaired autocrine regulation of IGF-1 in dementia 

patients.  The relationship of plasma cGP/IGF-1 ratio with clinical outcomes indicates the key 

role for cGP in regulating the function of circulating IGF-1 in cerebral vessel 
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dysfunction/degeneration, for example, stroke and age-related cognitive impairment. If 

confirmed in future, such findings may provide evidence of plasma cGP/IGF-1 as a reliable 

biomarker for IGF-1 function in circulation and could be applied to the prediction of stroke 

recovery and cognitive status. Given both stroke recovery and cognitive impairment are related 

to vascular function and microcirculation in the brain, this biomarker could have clinical 

applications in other neurological conditions with cerebrovascular dysfunctions.  

The oral bioavailability of cGP is demonstrated in Chapter 5 by showing that oral 

administration of a cGP-rich BCA supplement increased the CSF cGP concentration. Finally, 

this chapter discusses the strengths and limitations and recommends future directions. 

 Changes of plasma cGP/IGF-1 molar ratio influence IGF-1 function 

in stroke and cognitive impairment 

The changes of cGP/IGF-1 molar ratio is driven by the concentration of cGP and/or IGF-1 in 

plasma. The data in this thesis showed increased plasma cGP but stable IGF-1 concentrations 

during stroke recovery (Chapter 3). Plasma cGP also rose but IGF-1 declined with age in the 

PD-N patients (Chapter 4). The increase in plasma cGP levels could be a response to IGF-1 

deficiency to increase IGF-1 in circulation in the situations of low plasma IGF-1 concentration 

during aging (absolute deficiency) and increased demand for IGF-1 activity during stroke 

recovery (relative deficiency). In support, the administration of cGP further improves stroke 

recovery (Guan et al., 2014) and the ability of learning and memory in developing rats (Singh-

Mallah et al., 2016). A recent clinical study also shows increased plasma concentrations of cGP 

responding to decreased IGF-1 in obese women (Guan et al., 2018).  

This endogenous compensatory response of cGP in normalizing IGF-1 function may be not 

always fully effective. The increased plasma cGP leads to a partial recovery in function 

(Chapter 3). In PD, although cognitive function in PD-N patients was ‘normal’, their cognitive 
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scores were lower than the normal controls, suggesting an initial decline in cognition (Chapter 

4).   

On the other hand, the reduced cGP concentrations in the stroke patients at hospital admission 

(Chapter 3) and an age-related reducing cGP concentration in the PD patients with dementia 

(Chapter 4) were observed in this thesis. These results suggest that the low cGP concentration 

in plasma may impair the autocrine regulation leading to IGF-1 dysfunction. In support, a 

clinical observation study showed a low plasma cGP concentration in hypertension patients ( 

Guan et al., 2018). On the contrary, the cGP administration normalized the blood pressure in 

high-fat diet-induced hypertensive rats (unpublished data).  

A decrease of IGFBP-3 concentration is also a response to the deficiency of IGF-1 to improve 

the amount of bioavailable IGF-1 (Guan et al., 2018; Singh-Mallah et al., 2016). The plasma 

IGFBP-3 is lower in stroke patients than the controls (Chapter 3) indicating the role of IGFBP-

3-related autocrine regulation of IGF-1 in stroke. However, the concentration of IGFBP-3 

remained the same while stroke patients made a partial recovery and there was no association 

with age and cognitive status in PD groups (Chapter 4). These data suggest IGFBP-3 may be 

less involved in IGF-1 associated vascular function than that of cGP, which needs further 

investigation.  

Taken together, plasma cGP/IGF-1 is a biomarker for circulating IGF-1 function and could be 

applied to monitor and predict stroke recovery and cognitive status in PD.  

 Plasma cGP/IGF-1 molar ratio may be related to other neurological 

conditions with vascular origin 

Physiologically, the majority of plasma IGF-1 is not bioactive and IGF-1 function depends on 

bioactive or bioavailable IGF-1 freed from IGFBP binding. Apart from the enzymes that break 

down IGFBPs (which not studied in the thesis), the amount of plasma cGP plays a critical role 
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in determining the amount of bioavailable IGF-1 (Guan et al., 2014). This autocrine regulation 

has a direct association with IGF-1 function in circulation but may be associated with the 

function of IGF-1 in brain tissues differently. A recent publication from our group described 

the changes of IGF-1, IGFBP-2 and cGP concentration in rat brain tissues and their association 

with synaptic function (Li et al., 2019). The authors suggested that the cGP-related autocrine 

regulation plays a minor role in the brain tissue as the brain IGF-1 is largely bioactive with a 

close correlation to synaptic function. It has been suggested that the truncated IGF-1, des-IGF-

1, is a tissue form of IGF-1(Li et al., 2019). Even though the enzyme related to IGF-1 

metabolism is present in brain tissues (Yamamoto & Murphy, 1995), the enzymatic activity is 

relatively less compared to that in plasma (Baker et al., 2005). These findings suggest that 

plasma cGP/IGF-1 may be not closely related to neurological conditions with neuronal origin. 

However, plasma cGP/IGF-1 may be related to neurological conditions with vascular origin. 

As a systemic small vessel disease, hypertension is a life-long risk factor and a common 

contributor to stroke (Owolabi & Agunloye, 2013). Similar changes in endogenous cGP and 

response to cGP treatment in stroke and hypertension have been found (Guan et al., 2014 and 

unpublished data), suggesting the association of cGP-mediated autoregulation with small 

vessel diseases. Poor vascular health is a common risk factor contributing to cognitive 

impairment (Williams et al., 2018). Age-related vascular dysfunction contributes to cognitive 

decline (Raz et al., 2007; Toth et al., 2016). Variation of age-related cGP/IGF-1 molar ratio 

across the cognitive status in PD (Chapter 4) suggests the role of cGP-related regulation in 

maintaining age-related cognition. Given the nature of cerebral vascular 

degeneration/dysfunction in age-related cognitive impairment (Zhang et al., 2012), the changes 

in the plasma cGP/IGF-1 molar ratio may represent IGF-1-mediated cerebral vascular 

function/remodeling and its association with cognitive function.  
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Given both stroke and age-related cognitive impairment are neurological conditions with 

vascular origin, we speculate that the plasma cGP/IGF-1 ratio may have a limited application 

in other neurological conditions with the vascular origin. This needs further investigation. 

cGP itself could be a marker of IGF-1 function when cGP and IGF-1 have the same changes, 

that is, both cGP and IGF-1 increase or decrease (shown in Table 4.3, Chapter 4). However, 

when they have different changes, cGP is less sensitive compared with cGP/IGF-1 as a 

biomarker of IGF-1 function (see relationship between NIHSS score and cGP in Chapter 3). 

 The oral bioavailability of cGP through natural products 

Oral supplementation of cGP-rich BCA for 28 days increased the concentrations of cGP in the 

CSF of PD patients (Chapter 5). Taken together, these data suggest the oral bioavailability of 

cGP through natural products. In support of oral bioavailability of cGP, oral administration of 

cGP to rat dams increases the levels of cGP in the plasma and this has an association with an 

improvement in the learning and memory of offspring (Singh-Mallah et al., 2016). Another 

support is that oral administration of cGP analog to adult rats prevented scopolamine-induced 

memory deficits (Guan et al., 2010). Oral administration of cGP improves the concentration of 

cGP in brain tissues and synaptic expressions of rats (Li et al., 2019). 

 Advantages and limitations 

This thesis demonstrated the cGP-related autocrine regulation of circulating IGF-1 function in 

both stroke and maintenance of cognition in PD in clinical settings. However, the low number 

of participants in each chapter could compromise the generalization of our conclusion. The 

outcome of my stroke study needs to be further confirmed in a larger, longer-term longitudinal 

recovery study. Likewise, longitudinal follow-up, with continued cognitive decline and plasma 

sample collection, of the PD-N and PD-MCI groups is needed to establish if the change in age-

related cGP/IGF-1 ratio is, at the individual level, associated with cognitive decline as indicated 
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by the cross-sectional data presented in Chapter 4. Besides, stroke and cognitive impairment 

are related to vascular dysfunction and thus it is still not clear whether cGP/IGF-1 ratio could 

be applied to predict deficits caused by a neurodegenerative process such as motor deficits in 

PD. Nutritional factors are critical regulators of circulating IGF-1 levels. In particular, 

undernutrition of either protein or energy intake substantially lowers IGF-1 levels and the 

deficiency of essential amino acids has a severe depressing effect on IGF-1 levels (Thissen et 

al., 1998). Unfortunately, clinical data related to nutritional status were not collected in my 

studies. In future, this information will be included to give a more accurate assessment of the 

associations between cGP or cGP/IGF-1 and IGF-1 function. The current evidence hasn’t 

shown the direct interaction of cGP with nerve growth factor (NGF) and brain-derived 

neurotrophic factor (BDNF). However, it is possible that cGP also has effects on NGF and 

BDNF because these neurotrophins share the downstream signaling pathway with IGF-1 (Koh 

& Lo, 2015). 

The high-performance liquid-chromatography mass spectrometry assay is currently not an 

easily available method for clinical practice. As a high complexity system, this assay requires 

a high level of technical expertise to develop and validate methods as well as troubleshoot the 

instruments (Adaway et al., 2014). However, further advancements may enable this assay to 

be used as a convenient clinical analytical approach. 

 

  Future directions and applications 

6.5.1 The molar ratio of cGP/IGF-1 as a potential biomarker in conditions with 

vascular origin 

The increasing studies show the involvement of cerebrovascular dysfunction in the underlying 

mechanisms of various neurological conditions. Cerebrovascular alterations play a role in 
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various neurological conditions (Cai et al., 2017; Tarantini et al., n.d.). Given that stroke and 

cognition are closely related to cerebrovascular function and integrity, this plasma biomarker 

may apply to other neurological conditions with associated changes in cerebral vascular, like 

Alzheimer’s disease. The most dominant hypothesis of Alzheimer’s disease is amyloid β-

protein aggregation (Selkoe & Hardy, 2016). Vascular dysfunction is related to amyloid β-

protein accumulation in the parenchyma and blood vessels due to the inability of amyloid 

protein clearance from the brain (Canobbio et al., 2015; Janota et al., 2016). Therefore, plasma 

cGP/IGF-1 molar ratio may be applied to Alzheimer’s disease. 

6.5.2  Intervention with cGP-rich natural products for stroke and PD patients 

The limited ability to cross the BBB and the potential adverse effects of exogenous IGF-1 

prevents the pharmaceutical using IGF-1 (Kemp, Fowlkes, & Thrailkill, 2006). Given that cGP 

normalizes IGF-1 function (Guan et al., 2014), oral administration of cGP by nature products 

may provide an easily achievable approach for improving IGF-1 function without inducing 

side effects. cGP treatment restores IGF-1 receptor-associated angiogenic capillaries following 

ischemic injury in the rats (Guan et al., 2014). Peripheral administration of a cGP analogue 

improves long-term motor function in the 6-OHDA lesioned rat (Krishnamurthi, Mathai, Kim, 

Zhang, & Guan, 2009) and cognitive function in rats (Guan et al., 2010; Singh-Mallah et al., 

2016). Therefore, intervention with a cGP-rich natural product might potentially improve 

stroke recovery and prevent cognitive impairment in PD patients.  

7 Conclusion 

This thesis reports the representation of plasma cGP/IGF-1 molar ratio for the function of 

circulating IGF-1. This suggestive biomarker was validated by its association with clinical 

outcomes during stroke recovery, cognitive retention of old healthy people and changing 
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cognitive status in PD. The oral bioavailability of cGP by natural products is also explored. 

Increased cGP/IGF-1 suggests cGP-mediated autoregulation to improve circulating IGF-1 

function while the declined plasma cGP/IGF-1 suggests the impaired autoregulation to 

decrease circulating IGF-1 function. Plasma cGP/IGF-1 molar ratio could be applied to predict 

stroke recovery and monitor age-related cognitive impairment, if further confirmed in larger 

and longitudinal trials. Given that stroke and cognitive impairments are associated with 

vascular health and function, this plasma biomarker might be also relevant to other neurological 

conditions with poor vascular functions. The oral bioavailability of cGP suggests a potentially 

effective intervention for improving IGF-1 function. 
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