

[image: image1]
Combined use of coenzyme Q10 and citicoline: A new possibility for patients with glaucoma













	 
	

	TYPE Review
PUBLISHED 15 December 2022
DOI 10.3389/fmed.2022.1020993





Combined use of coenzyme Q10 and citicoline: A new possibility for patients with glaucoma

Alessio Martucci1*, Raffaele Mancino1, Massimo Cesareo1, Maria Dolores Pinazo-Duran2,3 and Carlo Nucci1

1Ophthalmology Unit, Department of Experimental Medicine, University of Rome “Tor Vergata”, Rome, Italy

2Ophthalmic Research Unit “Santiago Grisolia”, Foundation for the Promotion of Health and Biomedical Research of the Valencian Community (FISABIO), Valencia, Spain

3Cellular and Molecular Ophthalmobiology Group, Department of Surgery, University of Valencia, Valencia, Spain

[image: image]

OPEN ACCESS

EDITED BY
Michele Lanza, University of Campania Luigi Vanvitelli, Italy

REVIEWED BY
Yasushi Kitaoka, St. Marianna University School of Medicine, Japan
Bettina Hohberger, University of Erlangen-Nuremberg, Germany

*CORRESPONDENCE
Alessio Martucci, alessio.martucci@live.it

SPECIALTY SECTION
This article was submitted to Ophthalmology, a section of the journal Frontiers in Medicine

RECEIVED 16 August 2022
ACCEPTED 28 November 2022
PUBLISHED 15 December 2022

CITATION
Martucci A, Mancino R, Cesareo M, Pinazo-Duran MD and Nucci C (2022) Combined use of coenzyme Q10 and citicoline: A new possibility for patients with glaucoma.
Front. Med. 9:1020993.
doi: 10.3389/fmed.2022.1020993

COPYRIGHT
© 2022 Martucci, Mancino, Cesareo, Pinazo-Duran and Nucci. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Glaucoma is the leading cause of irreversible blindness worldwide. Several risk factors have been involved in the pathogenesis of the disease. By now, the main treatable risk factor is elevated intraocular pressure. Nevertheless, some patients, whose intraocular pressure is considered in the target level, still experience a progression of the disease. Glaucoma is a form of multifactorial ocular neurodegeneration with complex etiology, pathogenesis, and pathology. New evidence strongly suggests brain involvement in all aspects of this disease. This hypothesis and the need to prevent glaucomatous progression led to a growing interest in the pharmacological research of new neuroprotective, non-IOP-lowering, agents. The aim of this paper is to report evidence of the usefulness of Coenzyme Q10 and Citicoline, eventually combined, in the prevention of glaucomatous neurodegeneration.
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Introduction

Glaucoma, the leading cause of irreversible blindness worldwide, is characterized by progressive optic nerve (ON) degeneration due to retinal ganglion cells (RGCs) death. This causes characteristic ON changes and corresponding visual field defects (1–5).

Several risk factors have been involved in the pathogenesis of the disease. Understanding the molecular and cellular changes causing glaucomatous neurodegeneration includes new and path-breaking investigations on neuroinflammation and neuroprotection. Immune response, oxidative stress and gene expression are considered possible pathogenetic mechanisms of glaucoma (6–12).

Although glaucoma is a multifactorial disease, by now, the main treatable risk factor is elevated intraocular pressure (IOP). Several clinical studies reported the importance of lowering IOP in glaucomatous patients. The Ocular Hypertensive Treatment Study reported the efficacy in preventing the onset of the disease at 5 years in 50% of healthy individuals with elevated IOP (13). The Collaborative Initial Glaucoma Treatment Study observed that both surgery and IOP-lowering medications significantly reduce perimetric progression (14). Moreover, the Collaborative Normal-Tension Glaucoma Study showed that a reduction of the IOP by 30% reduced the incidence of visual field progression in a significant percentage of patients affected by normal-tension glaucoma (15). The lowering of IOP positively influences the risk of developing glaucoma and the progression of the existing disease. However, IOP alone does not explain all the risks (16). This supports the hypothesis that other risk factors independent from IOP are involved in glaucomatous degeneration.

Several studies have shown a strong correlation between visual field damage and visual disability in patients with glaucoma, even in the early stages of the disease. Visual impairment due to glaucoma affects normal daily activities required for independent living, such as driving, walking, and reading. Decreased visual functioning due to glaucoma has many disabling consequences in patients’ daily lives that, in turn, alter their quality of life (17).

New evidence strongly suggests brain involvement in all aspects of glaucoma (18). Studies using magnetic resonance imaging (MRI) have shown that the disease extends beyond the eye, altering the entire visual pathway (19, 20), indicating a connection with other neurodegenerative (17, 21–23) and mitochondrial diseases (24) as well as with disconnection syndromes (25, 26). A recent paper showed that patients with Primary Open Angle Glaucoma (POAG) exhibit a whole-brain structural reorganization that involves a variety of brain regions that take part in visual processing, motor control, and emotional/cognitive tasks. Additionally, it has been recognized a specific pattern of brain structural changes in relation to POAG clinical severity (27) that possibly justifies the glaucoma-induced functional and daily living disability (28, 29).

The need to prevent glaucomatous progression led to a growing interest in the pharmacological research of new neuroprotective, non-IOP-lowering, agents (30, 31). Citicoline and Coenzyme Q10 (CoQ10) are among the most studied and used in clinical practice for some forms of neurodegeneration. The neuromodulatory and neuroprotective properties of citicoline were extensively investigated either in vivo or in vitro. In addition, several studies supported the neuroprotective effects of CoQ10 in experimental models of ocular neurodegeneration (32).

The aim of this paper is to report evidence of the usefulness of CoQ10 and Citicoline, eventually combined, in the prevention of glaucomatous neurodegeneration.



Coenzyme Q10

Coenzyme Q10 is also known as ubiquinone as it is a coenzyme family that is ubiquitous in animals and most bacteria. Being an electron carrier from complexes I and II to complex III, CoQ10 has a fundamental role in the production of the adenosine triphosphate (ATP), but it is also an important antioxidant that protects lipids, proteins, and DNA from oxidative stress. Due to its properties, CoQ10 has been used for a long time to treat many diseases such as Leber hereditary optic neuropathy, cerebral ischemia, Parkinson’s disease, and Huntington’s disease (33).

Coenzyme Q10 activity has been extensively studied. In vitro, CoQ10 prevented the activation of the optic nerve’s (ON) astrocytes induced by hydrogen peroxide. It significantly decreased two well-known processes that activate during oxidative stress: the Superoxide dismutase 2 (SOD2) and Heme oxygenase-1 (HO-1) protein expression. Hence, CoQ10 was able to prevent mitochondrial damage and the decline of ATP production (34).

Coenzyme Q10 appears an effective therapy in preventing RGCs apoptosis and loss in animal models. Intraocular administration of CoQ10 avoided RGCs death by apoptosis through the inhibition of mitochondrial depolarization by preventing the formation of the mitochondrial permeability transition pore (PTP) and reducing the glutamate increase (35). Similarly, the topical administration of CoQ10 0.1% significantly reduced staurosporine (SSP)-induced RGCs apoptosis in a rat model (36). The same effect on RGCs was reported in a model of transient ischemia where the topical administration of CoQ10 and vitamin E α–tocopherol polyethylene glycol succinate (TPGS) reduced retinal damage and prevented RGCs death possibly by inhibiting the PTP formation and cytochrome c activation. The ability of CoQ10 of reducing the accumulation of extracellular glutamate is considered one of the mechanisms underlying the protective effect on RGCs (37–39).

Moreover, in a surgically induced ocular hypertension (OHT) experimental model, Davis et al. showed a significant neuroprotective effect on RGCs using Detection of Apoptotic Retinal Cells (DARC) on a unilateral model in Adult Dark rats treated with CoQ10/TPGS micelles (40). Oral supplementation of CoQ10 was also shown to significantly increase survival of RGCs, decrease SOD-2 and HO-1 protein expression, and inactivate the astroglial and microglial cells in an animal model of OHT and in glaucomatous DBA/2J mice (41, 42). Efficacy data were not only reported in animals. In humans, the topical application of 2 drops per day of CoQ10 and vitamin E TPGS, in addition to the β-blocker monotherapy, significantly improved the visual-evoked potential (VEP) response in glaucomatous patients after 6–12 months of treatment compared to those only treated with IOP lowering medications (43).

Coenzyme Q10 bioavailability is extremely variable, and it may depend on the dosage or the delivery strategies. Achieving an optimal CoQ10 concentration is fundamental to reaching the clinical effect. Nutritional replenishment of CoQ10 requires a higher level than is available in most food. The normal level in blood is around 1 μg/ml. To increase the concentration significantly requires at least 100 mg/day which can increase the level in the blood to around 2 μg/ml or more. An increase to 2 μg/ml in the blood can be therapeutic for various conditions; this may indicate that a high blood level is needed to get CoQ10 into deficient tissues (44). Emulsified formulation and plasma lipid profiles are important factors for the absorbance of CoQ10 (38). Interestingly, a novel time-released formulation based on Miniactives® showed to be safe and to increase plasma concentration of CoQ10 during the treatment (38). Consequently, it has been reported to be a promising way to deliver the molecule (45).



Citicoline

Citicoline (cytidine-5′-diphosphocholine) is an endogenous intermediary compound in the synthesis of phospholipids’ membranes, such as phosphatidylcholine. Citicoline contributes through the multifactorial mechanism of action and intervening in several metabolic pathways, including phospholipid homeostasis, mitochondrial dynamics, as well as cholinergic and dopaminergic transmission, in the complex mechanism of visual transmission (46).

Evidence of its ability to reduce glutamate-mediated excitotoxicity and oxidative stress by boosting neurotrophin levels and supporting mitochondrial activity endorsed the use of citicoline in neurodegenerative diseases (47).

Oral citicoline has been reported to increase the release of dopamine and norepinephrine and its efficacy has been proved in several neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, as well as in ischemic and traumatic brain injury. The possible neuro-enhancing effect, possibly due to the dopamine increase, justifies the improvement of visual field and electrophysiological test results obtained in glaucomatous patients (46, 47).

Oral citicoline is usually well absorbed and, after its transformation into choline and cytidine in the intestinal wall and liver, it crosses the blood-brain barrier. Hence, supplies the metabolic precursors of phospholipids and participates in the synthetic pathways of nucleic acids, proteins, phosphatidylcholine, sphingomyelin, cardiolipin, and acetylcholine, the main neurotransmitter of the cholinergic system which modulates visual processes. Beyond this, citicoline acts as a rescue recourse for cellular membrane components (46, 48).

Literature suggests that citicoline can reduce the pro-apoptotic effects and synaptic loss in neural tissues. Citicoline’s ability in maintaining the proper acetylcholine metabolism and the proper levels of sphingomyelin make it a good candidate for supporting the RGCs’ axonal function and consequently enhancing their survival (48). Additionally, this antiapoptotic effect seems to be also connected to the activity of the mitochondrial-dependent cell death mechanism. Indeed, citicoline prevents ischemia-induced tissue increase of free fatty acids and decreases infarct volume and brain oedema (49, 50).

Studies using optical coherence tomography showed that citicoline prevents the loss in the average retinal nerve fiber layer in glaucoma patients (47). Therefore, citicoline may have a significant impact on slowing glaucoma progression, suggesting a potential neuroprotective effect (47, 51).

Overall, these data make citicoline a candidate for the treatment of glaucomatous neurodegeneration.



Combined use of CoQ10 and citicoline: A new strategy in glaucoma treatment

Glaucoma is an extremely complex disease; therefore, it is now evident that the treatment should be targeted at different aspects of the disease, possibly by combining several molecules. However, prescribing several medications may affect the quality of life of the patients who must follow complex, and sometimes, expensive treatments. To overcome these difficulties, new combined products have been produced (Figure 1).
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FIGURE 1
The involvement of citicoline and CoQ10 in glaucoma.


Nowadays, CoQ10 and Citicoline are among the most used molecules in glaucoma for neuroprotection. The two molecules act on different pathways leading to glaucomatous neurodegeneration. As a consequence, it is possible to speculate that CoQ10 and citicoline may have a complementary or a synergic effect as they act on different pathogenetic targets in glaucoma (Figure 2 and Table 1).


[image: image]

FIGURE 2
Neuroprotective molecular mechanisms of coenzyme Q10 (CoQ10) and citicoline.



TABLE 1    Principal studies describing neuroprotective molecular mechanisms of coenzyme Q10 (CoQ10) and citicoline.
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Interestingly, a recent paper highlighted the complete biocompatibility of citicoline, CoQ10, and vitamin B3 tested using a viability MTT test. When the compounds were co-administered at the highest concentration tolerated by the cells (10 μM), in basal conditions, the biocompatibility was preserved, and the cell viability (hypothalamic HypoE22 cells), in all pharmacological treatments, was always > 70% compared to the untreated cells (32).


Effect on Bcl family proteins regulation

An experimental model of progressive degeneration of RGCs, induced by partial ON crush, produced a selective loss of RGCs, similar to glaucoma. Neurons in fact, although their axons were not acutely damaged, degenerated due to pro-apoptotic environmental conditions produced by the initial injury. The administration of citicoline was effective in rescuing RGCs possibly increasing retinal expression of the apoptotic regulating protein Bcl-2 as well as acting as a BDNF mimic (52).

In a similar experimental condition, CoQ10 promoted RGCs survival by significantly inducing Bcl-xL protein expression, a member of the BCL-2 family that exert cytoprotective and anti-apoptotic functions via several mechanisms. Bcl-xL avoids the generation of proapoptotic cytosolic Ca2+ waves, segregates a cytosolic pool of the pro-apoptotic transcription factor p53 and binds to the voltage-dependent anion channel 1, thereby inhibiting the mitochondrial permeability transition–dependent apoptotic pathway. Bcl-xL also regulates mitochondrial ATP synthesis, protein acetylation, autophagy, and mitosis (42).



Effect on excitotoxicity

Citicoline and CoQ10 have been reported to counteract excitotoxicity. The neuroprotective effect of citicoline was reported in an animal model of kainic acid (KA)-induced retinal damage (53, 54). All these studies showed that citicoline caused a significant reduction of KA-induced damage in the retinas of treated animals apparently counteracting nitrosative stress and decreasing extracellular signal-regulated kinases (ERK)1/2 activation caused by KA (55).

Similarly, CoQ10 reduces glutamate excitotoxicity and oxidative stress-mediated RGCs degeneration by preventing mitochondrial alterations in the retina in animal models. CoQ10 supports RGC survival, protected the axons in the optic nerve head (ONH), and reduced astroglial activation by decreasing glial fibrillary acidic protein expression in the retina and ONH. CoQ10 prevented the upregulation of NR1 and NR2A, Superoxide dismutase 2 and heme oxygenase 1 protein expression, and significantly prevented apoptosis by decreasing Bax protein expression or by increasing pBad protein expression. More importantly, CoQ10 preserved mtDNA content and Mitochondrial transcription factor A (Tfam)/oxidative phosphorylation (OXPHOS) complex IV protein expression in the retina of glaucomatous DBA/2J mice (42).



Effect on caspases

Studies on animals showed that citicoline can rescue damaged RGCs through an anti-apoptotic effect and can support neurite regeneration of damaged RGCs. Similarly, to Brain-derived neurotrophic factor (BDNF) and NT-4, citicoline can reduce, in an animal model, retinal neuronal apoptosis and stimulate neurites’ regeneration by lowering the expression of active forms of caspases-9 and-3 (52).



Effect on mitochondria

Animal models showed that citicoline can reverse some aging mitochondrial processes, possibly due to its ability to increase the availability of nucleotides essential for the synthesis of membrane phospholipids, phosphatidylserine and phosphatidylethanolamine, and/or to enhance brain energy metabolism (52).

Similarly, in a resonance magnetic study on volunteer humans, citicoline significantly increased the phosphocreatine, the ATP, the ratio of phosphocreatine to inorganic phosphate, and induced improvements in membrane phospholipids. This is indicative that citicoline enhances bioenergetics and phospholipid membrane turnover in the brain (52).

Mitofilin, the principal mitochondrial inner membrane protein which plays a crucial role in the preservation of mitochondrial cristae morphology, reduces in the condition of oxidative stress. In this condition CoQ10 showed partial preservation of mitochondrial morphology, increased mitochondrial numbers and mitochondrial volume density. This is possibly due to CoQ10 ability to promote mitofilin protein expression, providing protection to the mitochondria and ultimately OXPHOS capacity against oxidative stress (34).

In addition, CoQ10 plays a vital role in ATP production. In mitochondria and lysosomes, CoQ10 goes through reduction/oxidation cycles that transfer protons across the membrane forming a proton gradient essential to producing ATP (44). Thus supporting the bioenergetic role of CoQ10.



Effect on neurotransmitters system

As seen, citicoline not only exerts a neuroprotective effect but also boosts the synthesis of dopamine, acetylcholine, noradrenaline and serotonin. Studies reported that after citicoline administration retinal dopamine levels significantly increased thus possibly in part justifying the improvement of visual function in glaucomatous patients in terms of visual field and electrophysiological tests results (56).



Effect on membrane integrity

One additional target on which citicoline may act is remyelination. Disruption of the axonal membranes in glaucoma has been previously described since the early stages of the disease (19, 24, 57). Citicoline, is a precursor for phosphatidylcholine, phosphatidylethanolamine, sphingomyelin and cardiolipin, which are fundamental structural and functional components of cell membranes that ensure the correct enzymatic viability for the transport of substances across the membrane and are essential in signal transduction. Being a protagonist in maintaining membrane integrity, citicoline also plays a pivotal role in counteracting axonal degeneration in glaucoma (46, 58–60).



Effect on inflammation

Citicoline has been shown to have a positive protective effect on inflammatory diseases (61).

Citicoline has been shown to counteract the pathological downregulation of synaptophysin in the retina, restoring its anti-inflammatory properties. Moreover, citicoline is able to reduce retinal reactive gliosis, prevent apoptosis of the entire retinal components, such as photoreceptors, bipolar cells, and RGCs.

Similarly, the administration of citicoline resulted to be protective in transient cerebral ischemia through the inhibition of phospholipase A2 (PLA2), with a consequent reduction of tissue inflammation and redox imbalance (46).

Coenzyme Q10 claims some anti-inflammatory properties as well. A recent systematic review and meta-analysis reported that improving the serum level of CoQ10 induced a significant reduction of TNF-α level in the CoQ10 supplementation group compared with placebo. This may be due to the potential role of CoQ10 in lessening the production of pro-inflammatory cytokines by preventing NF-κB gene expression, reducing miR-146a and IL-1 receptor associated kinase modulation. CoQ10 may also act by lowering the production of macrophage inflammatory protein-1 alpha (62).



Effect on cerebral blood flow

Citicoline was shown to improve cerebral blood flow and velocities compared to placebo. This is possibly due to the effect on calcium release from endothelial cells that regulate nitric oxide synthesis consequently enhancing endothelial function. The proper functioning of the microvasculature and the right tissue perfusion is crucial for neuronal viability. In this context, restoring endothelial dysfunction leads to healthier microvasculature and improved blood flow, avoiding neuronal apoptosis (60, 63, 64).



Mutual beneficial effect on molecules metabolism

Data on literature, suggests that the combined use of molecules may be also beneficial for the metabolism of the molecules themselves. Barrett and Dawson (58) reported that rat liver mitochondria treated extensively with n-pentane are incapable of oxidizing choline. Choline oxidization is restored by the addition of ubiquinone-2 or ubiquinone-10 to the oxidase assay medium. The necessity for ubiquinone of the L-3-glycerophosphate oxidase of pig brain mitochondria has been also previously confirmed (65). Ubiquinone is also fundamental for Nicotinamide adenine dinucleotide (NADH) and succinate oxidase (58). Previous studies showed that solubilized choline dehydrogenase is capable to reduce ubiquinone-6 and that, in mitochondria incubated with choline until the anaerobic state was achieved, endogenous ubiquinone was reduced (66). The choline dehydrogenase is a respiratory-chain-linked enzyme that supplies electrons into the respiratory chain. It can use ubiquinone-6 as an electron acceptor once the enzyme has been solubilized and interacts with the chain in such a manner as to suggest that the possibility of reversed electron transport from choline to NAD+ strongly implicates a requirement of the choline oxidase system for ubiquinone. Remarkably, Barrett and Dawson (58) observed that most of the choline oxidase activity was reduced because of ubiquinone depletion. In this regard, CoQ10 was found to increase the choline oxidase activity in ubiquinone-depleted mitochondria, thus suggesting the importance of the presence of good levels of plasmatic choline and CoQ10 for energetic production (58).

Qu et al. (67) showed that CoQ10 decreases in the human retina with aging. In people aged over 80 retinal CoQ10 levels declined by approximately 40% compared to people under 30. This may have two main consequences: a decrease in antioxidant ability and a decrease in the rate of ATP synthesis in the retina. This would make the RGCs more vulnerable to pro-apoptotic insults.

Moreover, a study on an experimental animal model of non-alcoholic steatohepatitis (NASH) in albino rats induced by a methionine and choline-deficient (MCD) diet showed a significant increase in the brain contents of ammonia and NOx. These substances were significantly reduced by treatment with CoQ10. Concomitantly the brain-derived neurotrophic factor content, which was reduced by the diet, increased. Overall, CoQ10 showed a neuroprotective activity, in the case of choline depletion, by inhibiting the release of glutamate in rat cerebrocortical nerve terminals (68).




Conclusion

The greater efficacy of the fixed combination over the single components could therefore depend on the fact that each molecule exerts, at least in part, their activity on mitochondria (32). CoQ10 acts as an electron accepter from mitochondrial complexes I and II, thus increasing the energetic rate of cells. Additionally, citicoline maintains proper levels of cardiolipin and sphingomyelin in the cellular and axon membranes and stimulates cardiolipin production within the mitochondrial membranes. Cardiolipin is essential for the optimal activity of the enzyme complexes of the electron transport chain and for ATP production (32).

Overall, these data suggest the possible usefulness of the combined use of citicoline and CoQ10 both in terms of a putative synergistic effect and in terms of combined action on the different pathogenetic targets causing the onset and progression of glaucoma. Using combined treatment may downregulate more pro-apoptotic pathways as well as it may boost the effect on one or more pathways on which the different molecules act. In addition, it may increase patients’ compliance reducing the burden of administering several medications, simplifying treatment.
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Outcomes

Neuroprotection provided by citicoline is due to an increased retinal expression of the apoptotic
regulating protein Bcl-2 possibly mimicking brain-derived neurotrophic factor.

CoQ10 promoted RGC survival in glaucomatous DBA/2] mice. CoQ10 significantly decreased Bax protein

expression, that is a proapoptotic member of the Bcl-2 family, essential in many pathways of apoptosis.

Morphometric analysis showed a significant reduction in inner nuclear and inner plexiform layers
thicknesses and ganglion cell loss after kainic acid injection, but the rate of thinning in retinal layers was
reduced after citicoline treatment.

Citicoline has a neuroprotective effect on retinal damage due to kainic acid-induced neurotoxicity.

CoQ10 promotes RGC survival by inhibiting oxidative stress, glutamate excitotoxicity, and activation of
the Bax and Bad-mediated apoptotic pathway and by preserving mtDNA content and Tfam/OXPHOS
complex IV protein expression in glaucomatous DBA/2] mice.

Citicoline can reduce the expression of active forms of caspases-9 and-3 regulating apoptosis.

Citicoline increase the availability of nucleotides essential for the synthesis of membrane phospholipids

and enhances bioenergetics and phospholipid membrane turnover in the brain.

CoQ10 promote mitofilin protein expression, providing protection to the mitochondria, and ultimately

OXPHOS capacity against oxidative stress.

CoQ10 has bioenergetic properties. CoQ10 reduction/oxidation cycles transfer protons across the
membrane forming a proton gradient essential to producing ATP.

Citicoline reinforces dopaminergic transmission in the retina

CDP-choline is a precursor of glycerophospholipid phosphatidylcholine which is an essential
phospholipid for the maintenance of intracellular and extracellular membranes of eukaryotic organisms;
these molecules are of particular relevance in surveying neuron homeostasis and functionality, by serving
membranes turnover, synaptic plasticity, and neurotransmission.

Citicoline leads to the formation of phosphatidylcholine, which is an important component of neuronal
membranes and is imperative to the membrane integrity of the retinal ganglion cells.

Citicoline was found to be protective in transient cerebral ischemia through the inhibition of
phospholipase A2.

CoQ10 induced a significant reduction of TNF-a level, lessening the production of pro-inflammatory
cytokines and lowering the production of macrophage inflammatory protein-1 alpha.

Citicoline inducing calcium release from endothelial cells improves endothelial function leading to
improved microvasculature and better blood flow.

Prescription of citicoline for treatment of acute ischemic stroke is associated with hemodynamic changes
in cerebral arteries.

Citicoline is well tolerated and improves cognitive performance, cerebral blood perfusion and the brain

bioelectrical activity pattern in Alzheimer’s disease.

Ubiquinone is necessary for the L-3-glycerophosphate oxidase of pig brain mitochondria.

Choline oxidization is restored by the addition of ubiquinone-2 or ubiquinone-10 to the oxidase assay

medium. CoQ10 was found to increase the choline oxidase activity in ubiquinone-depleted mitochondria.
Solubilized choline dehydrogenase is capable to reduce ubiquinone.

CoQ10 showed a neuroprotective activity, in the case of choline depletion, by inhibiting the release of
glutamate in rat cerebrocortical nerve terminals.





