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Describe the mechanisms and concepts associated with cell signalling, including examples of how it functions within the context of cellular processes

Cell signalling is the process that allows cells to respond to their environment and adjust their behaviour accordingly. This includes altering metabolism or gene expression. In the body this allows different tissues to coordinate their activity. All cell signalling pathways operate under the same signalling principle, consisting of a primary signal that is detected by a receptor protein on the cell surface. The receptor protein amplifies the message of the primary signal through secondary messengers on the inside of the cell. The second messengers can then bring about the desired effect of the primary message. Primary signals can be delivered over a range of distances in the body. Different signalling pathways often target the same effector proteins which enables the cell to optimise its response (Berg et al., 2019, pp. 397–422). In this essay, I will discuss the mechanisms of cell signalling, using examples of insulin and epinephrine, and how they communicate to bring about their effect. 

The first component of the cell signalling pathway is the primary messenger. The primary messenger is released in response from a stimulus from the outside environment such as a digested meal or a wound. Primary messengers include hormones such as insulin and epinephrine. The primary messenger is detected by receptor proteins on the cell surface. The receptor protein spans the membrane with an extracellular ligand binding domain and an intracellular domain that brings about the production of the second messenger. The ligand binding domain has a specific shape that recognises its specific ligand; for example, this ensures the insulin receptor only responds to insulin. The binding of the primary messenger to the ligand binding domain brings about structural changes to the intracellular compartment, resulting in the production of the second messenger. Second messengers are small and fast diffusing molecules that are produced upon primary messenger reception. Examples include calcium ions, cyclic AMP and PIP3. The concentration of these molecules’ changes in response to the signal reception. The reception of just a single primary messenger can result in the generation of a large amount of second messengers. This ensures that a full intracellular response can be produced even with a low amount of signal outside of the cell. Many signalling pathways make use of the same second messengers and this allows the cell to fine tune its response when it has too many signals. The second messenger activates the effector process in the cell such as blocking pumps, activating enzymes or transcription factors that alter gene expression. Once the cell has responded to the signal it is important that the pathway inside the cell is terminated to ensure the cell maintains homeostasis. This can be achieved by receptor internalisation or second messenger degradation. Failure to terminate properly can cause diseases such as cancer (Berg et al., 2019, pp. 397–422).

Endocrine signalling is when a ligand released from a gland to a target tissue via the blood stream (E J M Helmreich, 2001). An example of endocrine signalling is the release of insulin after an increase in blood glucose levels. Insulin is released from the pancreatic beta cells. Insulin binds to the insulin receptor in the plasma membrane, which activates the receptor. The activated receptor can then recruit proteins to produce the second messenger PIP3, in the phospholipid bilayer. The enzyme PDK1 binds to, and is activated by PIP3, resulting in the production of the enzyme Akt. Akt is not membrane anchored and can diffuse through the cell spreading the message that insulin is present at the cell surface. Akt causes trafficking of glucose transporter proteins GLUT4 to the cell surface, allowing for glucose uptake. Enzymes involved in glycogen synthesis are also activated by Akt. It is important that once blood sugar levels have been reduced this system shuts off to avoid hypoglycaemia. Termination is achieved through receptor internalisation and deactivation of enzymes (Berg et al., 2019, pp. 397–422). 

Another example of endocrine signalling is epinephrine. Epinephrine is released from the adrenal glands into the blood stream, in response to stress. Epinephrine is responsible for the fight or flight response. This includes increased heart rate, dilation of smooth muscle, and glycogen break down. Epinephrine binds to the beta-adrenergic receptor, activating it, resulting in the production of cyclic AMP inside the cell. In turn, Cylic AMP activates protein kinase A which activates enzymes involved in producing the fight or flight response. Protein kinase A activates the enzyme responsible for breaking-down glycogen and deactivates the enzyme responsible for making glycogen. This increases the availability of glucose in muscle cells allowing for rapid contraction. In the liver, epinephrine stimulates gluconeogenesis, allowing more glucose to be delivered to muscle tissues (Berg et al., 2019, pp. 397–422). 

There are several other types of cell signalling besides endocrine. These include paracrine, autocrine, intracrine, and juxtacrine (Hancock, 2017). 
Paracrine signalling is when a cell releases a molecule to a close by neighbouring cell within the same tissue. An example is neurotransmitters, cytokines or growth factors. In the nervous system signals are passed from neuron to neuron using paracrine signalling. When the action potential reaches the end of the axon, synaptic vesicles release neurotransmitters into the synaptic cleft via exocytosis. The neurotransmitters then diffuse across the synaptic cleft and bind to receptors on the post synaptic membrane of the next neuron; this passes the signal onwards. As paracrine signalling is localised, it means it is fast and can respond to changes quickly to ensure there are no delayed responses (Cotman and McGaugh, 1980).
Autocrine signalling is when a cell sends a signalling molecule that binds to receptors on the same cell, leading to adaptions within that same cell type (Science Direct, 2013). Autocrine signalling is important in the immune system. When a T cell recognises an antigen intracellular signalling pathways are stimulated, activating the cell. Activation of the T cell results in the production and secretion of the growth cytokine IL-2, as well as its receptor. The secreted IL-2 can then bind to its receptor on the cell that secreted it. This triggers T cell cell-division generating enough T cells to fight infection (Ross and Cantrell, 2018).
Intracrine signalling is when signalling molecules communicate with the same cell that produces them, without leaving into the extracellular space (Dr. Damayanthi Dalu et al., 2024). In skin cells pre-vitamin D converts to vitamin D upon UV exposure. Vitamin D is then converted to calcitriol which binds to the intracellular vitamin D receptor, in an intracrine signalling pathway. This regulates gene expression of proteins that maintain skin homeostasis (Bikle, 2014). 
Juxtacrine signalling is when a signalling molecule binds to the cell membrane and only effects adjacent cells, that are in direct contact with the signalling cell (Dr. Damayanthi Dalu et al., 2024). Physical interaction is required for the juxtracrine mechanism to work. T cell to B cell communication is an example. A B cell appears as an antigen on the major histocompatibility complex class II (MHC-II) surface protein, a helper T cell with the same antigen specificity recognises it and binds to the MHC-II, pulling the cells in contact with each other. Membrane bound communication between the ligand CD40 on the helper T cell and on the B cell, stimulates the helper T cell to release cytokines to promote B cell proliferation into antibody secreting plasma cells that help respond to an immune infection (Dustin, 2016).
 
Cell signalling is important for maintaining healthy functioning cells. Cells are continuously reproducing to replace old ones. Natural cell death is healthy, but issues do occur when cells don’t die as expected. Apoptosis is a programmed cell death that occurs naturally as cells are no longer functional in the body; the death of old cells, so that new ones can take their place and fulfil their roles. When something interferes with this natural programmed cell death, old and damaged cells can still reproduce and can develop into tumours and cancers. Autophagy is an additional natural programmed cell death, where cells digest their own internal components or microbial invaders. This occurs in the immune system when your body is trying to get rid of infection causing viruses and bacteria and avoid healthy cells becoming cancerous (Cleveland Clinic, 2023). Once cells have gone through the process of autophagy, the damaged components are recycled into fatty acids and amino acids, which promote cell survival during nutrient starvation and provides a source of energy (Rabinowitz and White, 2010).

Exposure to radiation, toxins and pollution can cause dysregulation and mutations within these signalling pathways and can lead to a range of conditions such as cancers, autoimmune diseases, and neurodegenerative disorders (Infante, 2024). The majority of tumours arise due to genetic mutations of cellular genes, these changes within the microenvironment promote tumour growth. For example, ‘papilloma virus encodes a E6 protein that promotes degradation of p53, while another viral protein inactivates pRB and CKIs’ (Sever and Brugge, 2015). Autoimmune diseases occur due to immune disturbances that cause irregular release of autoreactive immune cells, leading to tissue damage or organ dysfunction (Song, Li and Wu, 2024).

Cell signalling underpins the ability for cellular components to function, adapting with the demands of the body. Cell signalling is communicated through a set of principles of primary messengers, receptor activation, second messenger amplification, through to termination.  Endocrine, autocrine, paracrine, intracrine and juxtracrine mechanisms show the different pathways to which cells communicate through a range of distances in the body. When these pathways are disrupted, the consequences can cause diseases in the body such as tumours, autoimmune disorders, and neurodegeneration.
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