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Welcome to biology! 

Before starting the grade 11 biology course, take some time to review some of the fundamentals of 
biology. Your understanding of these topics will be necessary for your success in this course. 

Once you are comfortable with the material presented, you will complete a short assessment. This will 
provide you with opportunity to discuss these topics with your instructor. 



Introduction
Close your eyes and picture a brick wall. What is the basic building block of that wall? It is a single brick, of course. Like a 
brick wall, your body is composed of basic building blocks, and the building blocks of your body are cells.

Your body has many kinds of cells, each specialized for a specific purpose. Just as a home is made from a variety of building 
materials, the human body is constructed from many cell types. For example, epithelial cells protect the surface of the body 
and cover the organs and body cavities within. Bone cells help to support and protect the body. Cells of the immune system 
fight invading bacteria. Additionally, red blood cells carry oxygen throughout the body. Each of these cell types plays a vital 
role during the growth, development, and day-to-day maintenance of the body. In spite of their enormous variety, however, 
all cells share certain fundamental characteristics.

A cell is the smallest unit of a living thing. A living thing, like you, is called an organism. Thus, cells are the basic building 
blocks of all organisms.

In multicellular organisms, several cells of one particular kind interconnect with each other and perform shared functions 
to form tissues (for example, muscle tissue, connective tissue, and nervous tissue),  several tissues combine to form an 
organ (for example, stomach, heart, or brain),  and several organs make up an organ system (such as the digestive system, 
circulatory system, or nervous system).  Several systems functioning together form an organism (such as an elephant, for 
example).

There are many types of cells, and all are grouped into one of two broad categories: prokaryotic and eukaryotic. Animal 
cells, plant cells, fungal cells, and protist cells are classified as eukaryotic, whereas bacteria and archaea cells are classified as 
prokaryotic.

C ells  vary in size. With few exceptions, individual cells are too small to be seen with the naked eye, so scientists 
use microscopes to study them. A microscope is an instrument that magnifies an object. Most images of cells are taken with a 
microscope and are called micrographs. To give you a sense of the size of a cell, a typical human red blood cell is 
about eight millionths of a meter or eight micrometers (abbreviated as µm)  in diameter; the head of a pin is about two 
thousandths of a meter (millimeters, or mm)  in diameter. That means that approximately 250 red blood cells could fit on 
the head of a pin.

(a) (b)
Figure 3.3 (a) Salmonella bacteria are viewed with a light microscope. (b) This scanning electron micrograph shows 
Salmonella bacteria (in red) invading human cells. (credit a: modification of work by CDC, Armed Forces Institute of 
Pathology, Charles N. Farmer; credit b: modification of work by Rocky Mountain Laboratories, NIAID, NIH; scale-bar 
data from Matt Russell)
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Figure 3.5 This figure shows the generalized structure of a prokaryotic cell.
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Cell Theory
The microscopes we use today are far more complex than those used in the 1600s. In a 1665 publication called 
Micrographia, experimental scientist Robert Hooke coined the term “cell” (from the Latin cella, meaning “small 
room”)  for the box-like structures he observed when viewing cork tissue through a lens. In the 1670s, bacteria and 
protozoa were discovered. Later advances in lenses and microscope construction enabled other scientists to see different 
components inside cells.

By the late 1830s, botanist Matthias Schleiden and zoologist Theodor Schwann were studying tissues and proposed the 
unified cell theory, which states that all living things are composed of one or more cells, that the cell is the basic unit of 
life, and that all new cells arise from existing cells. These principles still stand today.

Comparing Prokaryotic and Eukaryotic Cells
Cells fall into one of two broad categories: prokaryotic and eukaryotic. The predominantly single-celled organisms of the 
domains Bacteria and Archaea are classified as prokaryotes (pro- = before; -karyon- = nucleus). Animal cells, plant cells, 
fungi, and protists are eukaryotes (eu- = true).

Components of Prokaryotic Cells
All cells share four common components: 1) a plasma membrane, an outer covering that separates the cell’s interior 
from its surrounding environment; 2) cytoplasm, consisting of a jelly-like region within the cell in which other cellular 
components are found; 3) DNA, the genetic material of the cell; and 4) ribosomes, particles that synthesize proteins. 
However, prokaryotes differ from eukaryotic cells in several ways.

A prokaryotic cell is a simple, single-celled (unicellular) organism that lacks a nucleus, or any other membrane-bound 
organelle. We will shortly come to see that this is significantly different in eukaryotes. Prokaryotic DNA is found in the 
central part of the cell: a darkened region called the nucleoid (Figure 3.5).
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Eukaryotic Cells
A eukaryotic cell is a cell that has a membrane-bound nucleus and other membrane-bound compartments or sacs, 
called organelles, which have specialized functions. The word eukaryotic means “true kernel” or “true nucleus,” 
alluding to the presence of the membrane-bound nucleus in these cells. The word “organelle” means “little organ,” 
and, as already mentioned, organelles have specialized cellular functions, just as the organs of your body have specialized 
functions.
At 0.1–5.0 µm in diameter, prokaryotic cells are significantly smaller than eukaryotic cells, which have diameters 
ranging from 10–100 µm (Figure 3.6).  The small size of prokaryotes allows ions and organic molecules that enter 
them to quickly spread to other parts of the cell. Similarly, any wastes produced within a prokaryotic cell can quickly 
move out. However, larger eukaryotic cells have evolved different structural adaptations to enhance cellular transport. 
Indeed, the large size of these cells would not be possible without these adaptations. In general, cell size is limited 
because volume increases much more quickly than does cell surface area. As a cell becomes larger, it becomes more 
and more difficult for the cell to acquire sufficient materials to support the processes inside the cell, because the relative 
size of the surface area across which materials must be transported declines.

Figure 3.6 This figure shows the relative sizes of different kinds of cells and cellular components. An adult human is 
shown for comparison.

Components of a Eukaryotic Cell
At this point, it should be clear that eukaryotic cells have a more complex structure than do prokaryotic cells. 
Organelles allow for various functions to occur in the cell at the same time. In addition to organelles, the eukaryotic 
cell has two other important components: the plasma membrane and the cytoplasm.

The Plasma Membrane

Like prokaryotes, eukaryotic cells have a plasma membrane (Figure 3.8) made up of a phospholipid bilayer 
with embedded proteins that separates the internal contents of the cell from its surrounding environment. A 
phospholipid is a lipid molecule composed of two fatty acid chains, a glycerol backbone, and a phosphate group. The 
plasma membrane regulates the passage of some substances, such as organic molecules, ions, and water, preventing the 
passage of some to maintain internal conditions, while actively bringing in or removing others. Other compounds move 
passively across the membrane.
In addition, the surface of the plasma membrane carries markers that allow cells to recognize one another, which is 
vital as tissues and organs form during early development, and which later plays a role in the “self” versus “non-self” 
distinction of the immune response. The plasma membrane also carries receptors, which are attachment sites for 
specific substances that interact with the cell. Receptors on the plasma membrane’s exterior surface interact with 
hormones or neurotransmitters for example.

The fluid mosaic model, which has evolved over time, is still used to describe the nature of the cell membrane. 
It still offers the best account for the structure and functions of the plasma membrane as we now understand them. 
The fluid mosaic model describes the structure of the plasma membrane as a mosaic of components—
including phospholipids, cholesterol, proteins, and carbohydrates—in which the components are able to flow and 
change position, while maintaining the basic integrity of the membrane. The fluidity of the plasma membrane is 
necessary for the activities of certain enzymes and transport molecules within the membrane. 
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Figure 3.8 The plasma membrane is a phospholipid bilayer with embedded proteins. There are other components, 
such as cholesterol and carbohydrates, which can be found in the membrane in addition to phospholipids and protein.

The plasma membranes of cells that specialize in absorption are folded into fingerlike projections called microvilli (singular 
= microvillus). This folding increases the surface area of the plasma membrane. Such cells are typically found lining the 
small intestine, the organ that absorbs nutrients from digested food. This is an excellent example of form matching the 
function of a structure.

The Cytoplasm
The cytoplasm comprises the contents of a cell between the plasma membrane and the nuclear envelope (a structure to be 
discussed shortly). It is made up of organelles suspended in the gel-like cytosol, the cytoskeleton, and various chemicals. 
Even though the cytoplasm consists of 70 to 80 percent water, it has a semi-solid consistency, which comes from the 
proteins within it. However, proteins are not the only organic molecules found in the cytoplasm. Glucose and other simple 
sugars, polysaccharides, amino acids, nucleic acids, fatty acids, and derivatives of glycerol are found there too. Ions of 
sodium, potassium, calcium, and many other elements are also dissolved in the cytoplasm. Many metabolic reactions, 
including protein synthesis, take place in the cytoplasm.

The Cytoskeleton
If you were to remove all the organelles from a cell, would the plasma membrane and the cytoplasm be the only components 
left? No. Within the cytoplasm, there would still be ions and organic molecules, plus a network of protein fibers that helps to 
maintain the shape of the cell, secures certain organelles in specific positions, allows cytoplasm and vesicles to move within 
the cell, and enables unicellular organisms to move independently. Collectively, this network of protein fibers is known as 
the cytoskeleton. There are three types of fibers within the cytoskeleton: microfilaments, also known as actin 
filaments, intermediate filaments, and microtubules.

The Orangelles

The Endomembrane System
The endomembrane system (endo = within)  is a group of membranes and organelles in eukaryotic cells that work 
together to modify, package, and transport lipids and proteins. It includes the nuclear envelope, lysosomes, and 
vesicles, the endoplasmic reticulum and Golgi apparatus, which we will cover shortly. Although not 
technically within the cell, the plasma membrane is included in the endomembrane system because it interacts 
with the other endomembranous organelles.

The Nucleus
Typically, the nucleus is the most prominent organelle in a cell. The nucleus (plural = nuclei) houses the cell’s DNA in 
the form of chromatin and directs the synthesis of ribosomes and proteins. 
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The nuclear envelope is a double-membrane structure that constitutes the outermost portion of the nucleus. Both the 
inner and outer membranes of the nuclear envelope are phospholipid bilayers.

The nuclear envelope is punctuated with pores that control the passage of ions, molecules, and RNA between the 
nucleoplasm and the cytoplasm.

Chromosomes are structures within the nucleus that are made up of DNA, the hereditary material, and proteins. This 
combination of DNA and proteins is called chromatin. In eukaryotes, chromosomes are linear structures. Every species has 
a specific number of chromosomes in the nucleus of its body cells. For example, in humans, the chromosome number is 46, 
whereas in fruit flies, the chromosome number is eight.

The Endoplasmic Reticulum
The endoplasmic reticulum (ER) is a series of interconnected membranous tubules that collectively modify proteins 
and synthesize lipids. However, these two functions are performed in separate areas of the endoplasmic reticulum: the 
rough endoplasmic reticulum and the smooth endoplasmic reticulum, respectively.
The membrane of the ER, which is a phospholipid bilayer embedded with proteins, is continuous with the nuclear 
envelope.

The rough endoplasmic reticulum (RER) is so named because the ribosomes attached to its cytoplasmic surface give it a 
studded appearance when viewed through an electron microscope. The ribosomes synthesize proteins while attached to the 
ER.

If the phospholipids or modified proteins are not destined to stay in the RER, they will be packaged within vesicles and 
transported from the RER by budding from the membrane. 
The smooth endoplasmic reticulum (SER) is continuous with the RER but has few or no ribosomes on its cytoplasmic 
surface. The SER’s functions include synthesis of carbohydrates, lipids (including phospholipids), and steroid hormones; 
detoxification of medications and poisons; alcohol metabolism; and storage of calcium ions.

The Golgi Apparatus
We have already mentioned that vesicles can bud from the ER, but where do the vesicles go? Before reaching their 
final destination, the lipids or proteins within the transport vesicles need to be sorted, packaged, and tagged so that they wind 
up in the right place. The sorting, tagging, packaging, and distribution of lipids and proteins take place in the Golgi 
apparatus (also called the Golgi body), a series of flattened membranous sacs.

Lysosomes
In animal cells, the lysosomes are the cell’s “garbage disposal.” Digestive enzymes within the lysosomes aid the breakdown 
of proteins, polysaccharides, lipids, nucleic acids, and even worn-out organelles. In single-celled eukaryotes, lysosomes are 
important for digestion of the food they ingest and the recycling of organelles. These enzymes are active at a much lower 
pH (more acidic) than those located in the cytoplasm. Many reactions that take place in the cytoplasm could not occur at a 
low pH, thus the advantage of compartmentalizing the eukaryotic cell into organelles is apparent.
Lysosomes also use their hydrolytic enzymes to destroy disease-causing organisms that might enter the cell. A good 
example of this occurs in a group of white blood cells called macrophages, which are part of your body’s immune system. In 
a process known as phagocytosis, a section of the plasma membrane of the macrophage folds in on and engulfs a pathogen. 
With the pathogen inside this pocket, it then pinches itself off from the plasma membrane and becomes a vesicle. The vesicle 

fuses with a lysosome. The lysosome’s hydrolytic enzymes then destroy the pathogen.

Vesicles and Vacuoles
Vesicles and vacuoles are membrane-bound sacs that function in storage and transport. Vacuoles are somewhat larger than 
vesicles, and the membrane of a vacuole does not fuse with the membranes of other cellular components. Vesicles can fuse 
with other membranes within the cell system. Additionally, enzymes within plant vacuoles can break down 
macromolecules.
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Figure 3.13 The endomembrane system works to modify, package, and transport lipids and proteins. (credit: 
modification of work by Magnus Manske)

Mitochondria
A mitochondrion (plural = mitochondria) is a membranous, bean-shaped organelle that is the “energy transformer” or 
"power house" of the cell. Mitochondria consist of an outer lipid bilayer membrane as well as an additional inner lipid 
bilayer membrane. The inner membrane is highly folded into winding structures with a great deal of surface area, called 
cristae.
It is along this inner membrane that a series of proteins, enzymes, and other molecules perform the biochemical reactions of 
cellular respiration. These reactions convert energy stored in nutrient molecules (such as glucose) into adenosine 
triphosphate (ATP), which provides usable cellular energy to the cell. Cells use ATP constantly, and so the mitochondria are 
constantly at work. Oxygen molecules are required during cellular respiration, which is why you must constantly breathe it 
in. 
One of the organ systems in the body that uses huge amounts of ATP is the muscular system because ATP
is required to sustain muscle contraction. As a result, muscle cells are packed full of mitochondria. Nerve cells also need 
large quantities of ATP to run their sodium-potassium pumps. Therefore, an individual neuron will be loaded with over
a thousand mitochondria. On the other hand, a bone cell, which is not nearly as metabolically-active, might only have a 
couple hundred mitochondria.

Peroxisomes
Peroxisomes are small, round organelles enclosed by single membranes. They carry out oxidation reactions that break 
down fatty acids and amino acids. They also detoxify many poisons that may enter the body. Alcohol is detoxified by 
peroxisomes in liver cells. A byproduct of these oxidation reactions is hydrogen peroxide, H2O2, which is contained within 
the peroxisomes to prevent the chemical from causing damage to cellular components outside of the organelle. Hydrogen 
peroxide is safely broken down by peroxisomal enzymes into water and oxygen.
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Figure 3.7 Both figures show a typical animal cell 
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Extracellular Matrix of Animal Cells
Most animal cells release materials into the extracellular space, the space outside cells / between cells. The 
primary components of these materials are glycoproteins and the protein collagen. Collectively, these materials are 
called the extracellular matrix (Figure 3.16).  Not only does the extracellular matrix hold the cells together to form 
a tissue, but it also allows the cells within the tissue to communicate with each other.

Figure 3.16 The extracellular matrix consists of a network of substances secreted by cells.

Blood clotting provides an example of the role of the extracellular matrix in cell communication. When the cells lining a 
blood vessel are damaged, they display a protein receptor called tissue factor. When tissue factor binds with another factor 
in the extracellular matrix, it causes platelets to adhere to the wall of the damaged blood vessel, stimulates adjacent smooth 
muscle cells in the blood vessel to contract (thus constricting the blood vessel), and initiates a series of steps that stimulate 
the platelets to produce clotting factors.
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Components of Prokaryotic and Eukaryotic Cells and Their Functions

Cell
Component Function Present in

Prokaryotes?

Present
in

Animal
Cells?

Present
in Plant
Cells?

Plasma
membrane

Separates cell from external environment;
controls passage of organic molecules, ions,
water, oxygen, and wastes into and out of
the cell

Yes Yes Yes

Cytoplasm
Provides structure to cell; site of many
metabolic reactions; medium in which
organelles are found

Yes Yes Yes

Nucleoid Location of DNA Yes No No

Nucleus Cell organelle that houses DNA and directs
synthesis of ribosomes and proteins No Yes Yes

Ribosomes Protein synthesis Yes Yes Yes

Mitochondria ATP production/cellular respiration No Yes Yes

Peroxisomes Oxidizes and breaks down fatty acids and
amino acids, and detoxifies poisons No Yes Yes

Vesicles and
vacuoles

Storage and transport; digestive function in
plant cells No Yes Yes

Centrosome
Unspecified role in cell division in animal
cells; organizing center of microtubules in
animal cells

No Yes No

Lysosomes Digestion of macromolecules; recycling of
worn-out organelles No Yes No

Cell wall Protection, structural support and
maintenance of cell shape

Yes, primarily
peptidoglycan in
bacteria but not
Archaea

No
Yes,
primarily
cellulose

Chloroplasts Photosynthesis No No Yes

Endoplasmic
reticulum Modifies proteins and synthesizes lipids No Yes Yes

Golgi apparatus Modifies, sorts, tags, packages, and
distributes lipids and proteins No Yes Yes

Cytoskeleton

Maintains cell’s shape, secures organelles in
specific positions, allows cytoplasm and
vesicles to move within the cell, and enables
unicellular organisms to move independently

Yes Yes Yes

Flagella Cellular locomotion Some Some

No, except
for some
plant
sperm.

Cilia
Cellular locomotion, movement of particles
along extracellular surface of plasma
membrane, and filtration

No Some No

Table 3.1
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Lesson 2
TISSUE LEVEL OF ORGANIZATION

Introduction

The body contains at least 200 distinct cell types. These cells contain essentially the same internal structures yet they 
vary enormously in shape and function. The different types of cells are not randomly distributed throughout the body; rather they 
occur in organized layers, a level of organization referred to as tissue. The variety in shape reflects the many different roles 
that cells fulfill in your body. The human body starts as a single cell at fertilization. As this fertilized egg divides, it gives rise 
to trillions of cells, each built from the same blueprint, but organizing into tissues and becoming irreversibly committed to a 
developmental pathway.

Types of Tissues
The term tissue is used to describe a group of cells found together in the body. The cells within a tissue share a 
common embryonic origin. Microscopic observation reveals that the cells in a tissue share morphological features and are 
arranged in an orderly pattern that achieves the tissue’s functions. From the evolutionary perspective, tissues appear in more 
complex organisms. For example, multicellular protists, ancient eukaryotes, do not have cells organized into tissues.

Although there are many types of cells in the human body, they are organized into four broad categories of 
tissues: epithelial, connective, muscle, and nervous. Each of these categories is characterized by specific functions that 
contribute to the overall health and maintenance of the body. A disruption of the structure is a sign of injury or disease. 
Such changes can be detected through histology, the microscopic study of tissue appearance, organization, and function.

Epithelial tissue, also referred to as epithelium, refers to the sheets of cells that cover exterior surfaces of the body, lines internal 
cavities and passageways, and forms certain glands. Connective tissue, as its name implies, binds the cells and organs of the 
body together and functions in the protection, support, and integration of all parts of the body. Muscle tissue is excitable, 
responding to stimulation and contracting to provide movement, and occurs as three major types: skeletal 
(voluntary) muscle, smooth muscle, and cardiac muscle in the heart. Nervous tissue is also excitable, allowing 
the propagation of electrochemical signals in the form of nerve impulses that communicate between different regions of the 
body.
The next level of organization is the organ, where several types of tissues come together to form a working unit. 
Just as knowing the structure and function of cells helps you in your study of tissues, knowledge of tissues will help you 
understand how organs function.
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Figure 4.2 Four Types of Tissue: Body The four types of tissues are exemplified in nervous tissue, stratified 
squamous epithelial tissue, cardiac muscle tissue, and connective tissue in small intestine. Clockwise from nervous 
tissue, LM × 872, LM × 282, LM × 460, LM × 800. (Micrographs provided by the Regents of University of Michigan 
Medical School © 2012)
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Figure 4.8 Summary of Epithelial Tissue Cells

30S Biology 
INTRODUCTION

Modified for Use by Brandon Literacy Council Inc.  
This OpenStax book is available for free at http://cnx.org/content/col11496/1.8

Page 12 of 29



Connective Tissue Examples

Connective tissue proper Supportive connective tissue Fluid connective tissue

Loose connective tissue
Areolar

Adipose

Reticular

Cartilage
Hyaline

Fibrocartilage

Elastic

Blood

Dense connective tissue
Regular elastic

Irregular elastic

Bones
Compact bone

Cancellous bone
Lymph

Table 4.1

Comparison of Structure and Properties of Muscle Tissue Types

Tissue Histology Function Location

Skeletal

Long cylindrical fiber,
striated, many
peripherally located
nuclei

Voluntary movement, produces heat, protects
organs

Attached to bones and
around entrance points
to body (e.g., mouth,
anus)

Cardiac
Short, branched,
striated, single central
nucleus

Contracts to pump blood Heart

Smooth

Short, spindle-shaped,
no evident striation,
single nucleus in each
fiber

Involuntary movement, moves food,
involuntary control of respiration, moves
secretions, regulates flow of blood in arteries
by contraction

Walls of major organs
and passageways
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Lesson 3
ORGAN SYSTEMS
Introduction
A complex animal that has adapted to its environment, illustrates the relationships between an animal’s form and function. 
The multicellular bodies of animals consist of tissues that make up more complex organs and organ systems. The 
organ systems of an animal maintain homeostasis within the multicellular body. These systems are adapted to 
obtain the necessary nutrients and other resources needed by the cells of the body, to remove the wastes those cells 
produce, to coordinate the activities of the cells, tissues, and organs throughout the body, and to coordinate the many 
responses of the individual organism to its environment.

Homeostasis
Homeostasis refers to the relatively stable state inside the body of an animal. Animal organs and organ systems 
constantly adjust to internal and external changes in order to maintain this steady state. Examples of internal conditions 
maintained homeostatically are the level of blood glucose, body temperature, blood calcium level. These conditions 
remain stable because of physiologic processes that result in negative feedback relationships. If the blood glucose or 
calcium rises, this sends a signal to organs responsible for lowering blood glucose or calcium. The signals that 
restore the normal levels are examples of negative feedback. When homeostatic mechanisms fail, the results can be 
unfavorable for the animal. Homeostatic mechanisms keep the body in dynamic equilibrium by constantly adjusting to 
the changes that the body’s systems encounter. Even an animal that is apparently inactive is maintaining this homeostatic 
equilibrium. 
The goal of homeostasis is the maintenance of equilibrium around a specific value of some aspect of the body or its cells 
called a set point. While there are normal fluctuations from the set point, the body’s systems will usually attempt to go back 
to this point. 
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Figure 16.4 The components of the human digestive system are shown.

Digestive System
All living organisms need nutrients to survive. While plants can obtain nutrients from their roots and the energy molecules 
required for cellular function through the process of photosynthesis, animals obtain their nutrients by the consumption 
of other organisms. At the cellular level, the biological molecules necessary for animal function are amino acids, lipid 
molecules, nucleotides, and simple sugars. However, the food consumed consists of protein, fat, and complex 
carbohydrates. Animals must convert these macromolecules into the simple molecules required for maintaining cellular 
function. The conversion of the food consumed to the nutrients required is a multistep process involving digestion and 
absorption. During digestion, food particles are broken down to smaller components, which are later absorbed by the body. 
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Nutrition
The human diet should be well balanced to provide nutrients required for bodily function and the minerals and vitamins 
required for maintaining structure and regulation necessary for good health and reproductive capability.

The organic molecules required for building cellular material and tissues must come from food. During digestion, digestible 
carbohydrates are ultimately broken down into glucose and used to provide energy within the cells of the body. Complex 
carbohydrates, including polysaccharides, can be broken down into glucose through biochemical modification; however, 
humans do not produce the enzyme necessary to digest cellulose (fiber).  The intestinal flora in the human gut are able 
to extract some nutrition from these plant fibers. These plant fibers are known as dietary fiber and are an important 
component of the diet. The excess sugars in the body are converted into glycogen and stored for later use in the liver and 
muscle tissue. Glycogen stores are used to fuel prolonged exertions, such as long-distance running, and to provide 
energy during food shortage. Fats are stored under the skin of mammals for insulation and energy reserves.

Proteins in food are broken down during digestion and the resulting amino acids are absorbed. All of the proteins in the 
body must be formed from these amino-acid constituents; no proteins are obtained directly from food. Certain amino acids 
also must be procured from food and cannot be synthesized by the body. These amino acids are the “essential” amino acids. 
The human body can synthesize only 11 of the 20 required amino acids; the rest must be obtained from food.
Fatty foods are also significant sources of energy, and fatty acids are required for the construction of lipid membranes. 
Fats are also required in the diet to aid the absorption of fat-soluble vitamins and the production of fat-soluble hormones.

Vitamins are another class of essential organic molecules that are required in small quantities. Many of these assist 
enzymes in their function and, for this reason, are called coenzymes. Absence or low levels of vitamins can have a dramatic 
effect on health. Minerals are another set of inorganic essential nutrients that must be obtained from food. Minerals 
perform many functions, from muscle and nerve function, to acting as enzyme cofactors. 
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Circulatory and Respiratory Systems
Animals are complex multicellular organisms that require a mechanism for transporting nutrients throughout their bodies 
and removing wastes. The human circulatory system has a complex network of blood vessels that reach all parts of the 
body. This extensive network supplies the cells, tissues, and organs with oxygen and nutrients, and removes carbon dioxide 
and waste compounds.
The medium for transport of gases and other molecules is the blood, which continually circulates through the 
system. Pressure differences within the system cause the movement of the blood and are created by the pumping of the 
heart.

Gas exchange between tissues and the blood is an essential function of the circulatory system. In humans, other mammals, 
and birds, blood absorbs oxygen and releases carbon dioxide in the lungs. Thus the circulatory and respiratory system, 
whose function is to obtain oxygen and discharge carbon dioxide, work in tandem.

The Respiratory System
With every inhalation, air fills our lungs, and with every exhalation, it rushes back out. That air is doing more than just 
inflating and deflating the lungs in the chest cavity. The air contains oxygen that crosses the lung tissue, enters the 
bloodstream, and travels to organs and tissues. There, oxygen is exchanged for carbon dioxide, which is a cellular waste 
material. Carbon dioxide exits the cells, enters the bloodstream, travels back to the lungs, and is expired out of the body 
during exhalation.
Breathing is both a voluntary and an involuntary event. How often a breath is taken and how much air is inhaled or exhaled 
is regulated by the respiratory center in the brain in response to signals it receives about the carbon dioxide content of the 
blood. However, it is possible to override this automatic regulation for activities such as speaking, singing and swimming 
under water.

Figure 16.9 Air enters the respiratory system through the nasal cavity, and then passes through the pharynx and 
the trachea into the lungs. (credit: modification of work by NCI)
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The Circulatory System
The circulatory system is a network of vessels—the arteries, veins, and capillaries—and a pump, the heart. In all vertebrate 
organisms this is a closed-loop system, in which the blood is largely separated from the body’s other extracellular fluid 
compartment, the interstitial fluid, which is the fluid bathing the cells. Blood circulates inside blood vessels and circulates 
unidirectionally from the heart around one of two circulatory routes, then returns to the heart again; this is a closed 
circulatory system. Open circulatory systems are found in invertebrate animals in which the circulatory fluid bathes the 
internal organs directly even though it may be moved about with a pumping heart.

The Heart
The heart is a complex muscle that consists of two pumps: one that pumps blood through pulmonary circulation to 
the lungs, and the other that pumps blood through systemic circulation to the rest of the body’s tissues (and the heart 
itself).

Figure 16.10 The heart is divided into four chambers, two atria, and two ventricles. Each chamber is separated 
by one-way valves. The right side of the heart receives deoxygenated blood from the body and pumps it to the 
lungs. The left side of the heart pumps blood to the rest of the body.

Blood Vessels
The blood from the heart is carried through the body by a complex network of blood vessels. Arteries take blood away 
from the heart. As these vessels diverge, blood is routed into smaller and smaller vessels. Arterioles deliver blood to 
capillary beds which allow blood and cells to exchange payloads. 

Capillaries are narrow-diameter tubes that can fit single red blood cells and are the sites for the exchange of nutrients, 
waste, and oxygen with tissues at the cellular level. On the return to the heart, after exchange, blood flows from capillaries  
into venules which connect to veins that finally connect back to the heart.
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Endocrine System

The endocrine system produces hormones that function to control and regulate many different body processes. The 
endocrine system coordinates with the nervous system to control the functions of the other organ systems. C ells of the 
endocrine system produce molecular signals called hormones. These cells may compose endocrine glands, may be tissues or 
may be located in organs or tissues that have functions in addition to hormone production. Hormones circulate throughout 
the body and stimulate a response in cells that have receptors able to bind with them. The changes brought about in the 
receiving cells affect the functioning of the organ system to which they belong. Many of the hormones are secreted in 
response to signals from the nervous system, thus the two systems act in concert to effect changes in the body.

Maintaining homeostasis within the body requires the coordination of many different systems and organs. One mechanism 
of communication between neighboring cells, and between cells and tissues in distant parts of the body, occurs through 
the release of chemicals called hormones. Hormones are released into body fluids, usually blood, which carries them to 
their target cells where they elicit a response. The cells that secrete hormones are often located in specific organs, called 
endocrine glands, and the cells, tissues, and organs that secrete hormones make up the endocrine system. Examples of 
endocrine organs include the pancreas, which produces the hormones insulin and glucagon to regulate blood-glucose levels, 
the adrenal glands, which produce hormones such as epinephrine and norepinephrine that regulate responses to stress, and 
the thyroid gland, which produces thyroid hormones that regulate metabolic rates.

Figure 16.13 (a) The pituitary gland sits at the base of the brain, just above the brain stem. (b) The parathyroid glands 
are located on the posterior of the thyroid gland. (c) The adrenal glands are on top of the kidneys. d) The pancreas is 
found between the stomach and the small intestine. (credit: modification of work by NCI, NIH)
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Muscular System
Muscles allow for movement such as walking, and they also facilitate bodily processes such as respiration and digestion. 
The body contains three types of muscle tissue: skeletal muscle, cardiac muscle, and smooth muscle (Figure 16.17).

Figure 16.17 The body contains three types of muscle tissue: skeletal muscle, smooth muscle, and cardiac muscle. 
Notice that skeletal muscle cells are long and cylindrical, they have multiple nuclei, and the small, dark nuclei are 
pushed to the periphery of the cell. Smooth muscle cells are short, tapered at each end, and have only one nucleus 
each. Cardiac muscle cells are also cylindrical, but short. The cytoplasm may branch, and they have one or two nuclei 
in the center of the cell. (credit: modification of work by NCI, NIH; scale-bar data from Matt Russell)

Skeletal muscle tissue forms skeletal muscles, which attach to bones and sometimes the skin and control locomotion and 
any other movement that can be consciously controlled. Because it can be controlled intentionally, skeletal muscle is also 
called voluntary muscle. When viewed under a microscope, skeletal muscle tissue has a striped or striated appearance. This 
appearance results from the arrangement of the proteins inside the cell that are responsible for contraction. The cells of 
skeletal muscle are long and tapered and have multiple nuclei on the periphery of each cell.

Smooth muscle tissue occurs in the walls of hollow organs such as the intestines, stomach, and urinary bladder, and around 
passages such as in the respiratory tract and blood vessels. Smooth muscle has no striations, is not under voluntary control, 
and is called involuntary muscle. Smooth muscle cells have a single nucleus.

Cardiac muscle tissue is only found in the heart. The contractions of cardiac muscle tissue pump blood throughout the body 
and maintain blood pressure. Like skeletal muscle, cardiac muscle is striated, but unlike skeletal muscle, cardiac muscle 
cannot be consciously controlled and is called involuntary muscle. The cells of cardiac muscle tissue are connected to each 
other through intercalated disks and usually have just one nucleus per cell.
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Nervous System
The nervous system is one of two systems that exert control over all the organ systems of the body; the other is 
the endocrine system. The nervous system’s control is much more specific and rapid than the hormonal 
system. It communicates signals through cells and the tiny gaps between them rather than through the circulatory 
system as in the endocrine system. It uses a combination of chemical and electrochemical signals, rather than purely 
chemical signals used by the endocrine system to cover long distances quickly. The nervous system acquires 
information from sensory organs, processes it and then may initiate a response either through motor function, leading to 
movement, or in a change in the organism’s physiological state.
Compared to invertebrates, vertebrate nervous systems are more complex, centralized, and specialized. While there is great 
diversity among different vertebrate nervous systems, they all share a basic structure: a central nervous system (CNS) that 
contains a brain and spinal cord and a peripheral nervous system (PNS) made up of peripheral sensory and motor nerves. 
The nervous system is made up of neurons, specialized cells that can receive and transmit chemical or electrical signals, 
and glia, cells that provide support functions for the neurons. There is great diversity in the types of neurons and glia that 
are present in different parts of the nervous system.

Figure 16.19 Neurons contain organelles common to other cells, such as a nucleus and mitochondria. They also have
more specialized structures, including dendrites and axons.
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The Brain
The brain is the part of the central nervous system that is contained in the cranial cavity of the skull. It includes the cerebral 
cortex, limbic system, basal ganglia, thalamus, hypothalamus, cerebellum, brainstem, and retinas. The outermost part of 
the brain is a thick piece of nervous system tissue called the cerebral cortex. 

Figure 16.22 The human cerebral cortex includes the frontal, parietal, temporal, and occipital lobes.

Spinal cord
Connecting to the brainstem and extending down the body through the spinal column is the spinal cord. The spinal cord 
is a thick bundle of nerve tissue that carries information about the body to the brain and from the brain to the body. The 
spinal cord is contained within the meninges and the bones of the vertebral column but is able to communicate signals to 
and from the body through its connections with spinal nerves (part of the peripheral nervous system).  
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Systems Functions 

Cardiovascular 
Heart, blood, vessels 

Pumps Blood Throughout the Body 
Transports cells, respiratory gases, and chemical compounds 

throughout the body 

Digestive 
Mouth, esophagus, stomach, 
intestines, liver, and pancreas 

Captures Nutrients from Food 
Food is broken down, stored, and processed to obtain 

nutrition. Wastes are separated and eliminated 

Endocrine 
Glands (pituitary, adrenal, 

thyroid, hypothalamus, thymus), 
pancreas, ovaries, testes 

Produces Chemical Messengers 
Respond to feedback systems by releasing hormones to 
maintain optimal internal conditions. Partners with the 

nervous system to monitor and control 

Integumentary 
Skin, hair, nails, sweat glands 

Covers and Protects the Body 
The skin forms a waterproof layer that repels physical 

damage. Also acts to insulate and regulate temperature 

Lymphatic/Immune 
Lymphatic vessels, lymph fluid, 

thymus gland, tonsils, and spleen, 
antibodies, white blood cells 

Provides Chemical Defenses 
Protects the body against disease and infection. Extracellular 
fluid or lymph bathes every cell and helps deliver nutrients, 

immunity and remove waste 

Muscular 
Skeletal muscle, cardiac muscle, 

and smooth muscle, tendons 

Provides Force for Movement 
Muscular contractions allow movement; of skeleton, or 
internal movement like pumping the heart, or moving 

material through digestive tract 

Nervous 
Nerves, sense organs, brain, and 

spinal cord 

Controls and Monitors all Systems 
Receives stimuli and responds through electrochemical 

impulses to direct an action in the body 

Reproductive 
Testes, penis, prostate gland, 

ovaries, vagina, breasts 

Creates New Individual 
Produces and stores the cells needed to reproduce one’s self, 

and creates, protects and nourishes embryos 

Respiratory 
Lungs, trachea, pharynx, 
diaphragm, nasal passage 

Carries Air into and out of Body 
Captures oxygen from the atmosphere and exchanges it for 

waste gases produced by cells 

Skeletal 
Bones, cartilage, and ligaments 

Framework to Support the Body 
Protects parts of the body and provides support for 

movement. Location of blood cell formation 

Urinary/Osmoregulation 
Kidney, bladder, ureter, urethra 

Eliminates Waste/Filters Blood 
Removes metabolic wastes from the bloodstream, stores and 

eliminates it from the body. Maintains balance of water 

Table 1.3 -   Summary of Organ Systems and their Functions 
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Lesson 4
CHEMISTRY OF LIFE
Introduction
The elements carbon, hydrogen, nitrogen, oxygen, sulfur, and phosphorus are the key building blocks of the chemicals 
found in living things. They form the carbohydrates, nucleic acids, proteins, and lipids (all of which will be defined later 
in this chapter)  that are the fundamental molecular components of all organisms. In this chapter, we will discuss these 
important building blocks and learn how the unique properties of the atoms of different elements affect their interactions 
with other atoms to form the molecules of life.
Food provides an organism with nutrients—the matter it needs to survive. Many of these critical nutrients come in 
the form of biological macromolecules, or large molecules necessary for life. These macromolecules are built from 
different combinations of smaller organic molecules. 

Biological Molecules
The large molecules necessary for life that are built from smaller organic molecules are called biological macromolecules. 
There are four major classes of biological macromolecules (carbohydrates, lipids, proteins, and nucleic acids),  and each 
is an important component of the cell and performs a wide array of functions. Combined, these molecules make up the 
majority of a cell’s mass. Biological macromolecules are organic, meaning that they contain carbon. In addition, they may 
contain hydrogen, oxygen, nitrogen, phosphorus, sulfur, and additional minor elements.

Carbon
It is often said that life is “carbon-based.” This means that carbon atoms, bonded to other carbon atoms or other elements, 
form the fundamental components of many, if not most, of the molecules found uniquely in living things. Other elements 
play important roles in biological molecules, but carbon certainly qualifies as the “foundation” element for molecules in 
living things. It is the bonding properties of carbon atoms that are responsible for its important role. The simplest organic 
carbon molecule is methane (CH4),  in which four hydrogen atoms bind to one carbon atom.

However, structures that are more complex are made using carbon. Any of the hydrogen atoms can be replaced with another 
carbon atom bonded to the first carbon atom. In this way, long and branching chains of carbon compounds can 
be made. The carbon atoms may bond with atoms of other elements, such as nitrogen, oxygen, and phosphorus. 
This diversity of molecular forms accounts for the diversity of functions of the biological macromolecules and is 
based to a large degree on the ability of carbon to form multiple bonds with itself and other atoms.

Carbohydrates
Carbohydrates are macromolecules that are, in fact, an essential part of our diet; grains, fruits, and vegetables are all 
natural sources of carbohydrates. Carbohydrates provide energy to the body, particularly through glucose, a simple sugar. 
Carbohydrates also have other important functions in humans, animals, and plants. 

Starch is the stored form of sugars in plants and is made up of amylose and amylopectin (both polymers of glucose).  Plants 
are able to synthesize glucose, and the excess glucose is stored as starch in different plant parts, including roots and seeds. 
The starch that is consumed by animals is broken down into smaller molecules, such as glucose. The cells can then absorb 
the glucose.

Glycogen is the storage form of glucose in humans and other vertebrates, and is made up of monomers of glucose. Glycogen 
is the animal equivalent of starch and is a highly branched molecule usually stored in liver and muscle cells. Whenever 
glucose levels decrease, glycogen is broken down to release glucose.

Cellulose is one of the most abundant natural biopolymers. The cell walls of plants are mostly made of cellulose, which 
provides structural support to the cell. Wood and paper are mostly cellulosic in nature. Cellulose is made up of glucose 
monomers that are linked by bonds between particular carbon atoms in the glucose molecule.
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Lipids
Lipids include a diverse group of compounds that are united by a common feature. L ipids are hydrophobic (“water-
fearing”),  or insoluble in water, because they are nonpolar molecules. This is because they are hydrocarbons that include 
only nonpolar carbon-carbon or carbon-hydrogen bonds. Lipids perform many different functions in a cell. C ells store 
energy for long-term use in the form of lipids called fats. Lipids also provide insulation from the environment for plants and 
animals. For example, they help keep aquatic birds and mammals dry because of their water-repelling nature. Lipids are 
also the building blocks of many hormones and are an important constituent of the plasma membrane. Lipids include 
fats, oils, waxes, phospholipids, and steroids.

A fat molecule, such as a triglyceride, consists of two main components—glycerol and fatty acids. 
Fatty acids may be saturated or unsaturated. In a fatty acid chain, if there are only single bonds between neighboring carbons 
in the hydrocarbon chain, the fatty acid is saturated. Saturated fatty acids are saturated with hydrogen; in other words, the 
number of hydrogen atoms attached to the carbon skeleton is maximized.

When the hydrocarbon chain contains a double bond, the fatty acid is an unsaturated fatty acid. Most unsaturated fats are 
liquid at room temperature and are called oils. Saturated fats tend to get packed tightly and are solid at room temperature. 
Animal fats contained in meat, and the fat contained in butter, are examples of saturated fats. 

Phospholipids are the major constituent of the plasma membrane. Like fats, they are composed of fatty acid chains attached 
to a glycerol or similar backbone. Instead of three fatty acids attached, however, there are two fatty acids and the third 
carbon of the glycerol backbone is bound to a phosphate group. The phosphate group is modified by the addition of an 
alcohol.

A phospholipid has both hydrophobic and hydrophilic regions. The fatty acid chains are hydrophobic and exclude 
themselves from water, whereas the phosphate is hydrophilic and interacts with water.

Cells are surrounded by a membrane, which has a bilayer of phospholipids. The fatty acids of phospholipids face inside, 
away from water, whereas the phosphate group can face either the outside environment or the inside of the cell, which are 
both aqueous.

Proteins
Proteins are one of the most abundant organic molecules in living systems and have the most diverse range of functions of 
all macromolecules. Proteins may be structural, regulatory, contractile, or protective; they may serve in transport, storage, 
or membranes; or they may be toxins or enzymes. Each cell in a living system may contain thousands of different proteins, 
each with a unique function. Their structures, like their functions, vary greatly. They are all, however, polymers of amino 
acids, arranged in a linear sequence.

The functions of proteins are very diverse because there are 20 different chemically distinct amino acids that form long 
chains, and the amino acids can be in any order. For example, proteins can function as enzymes or hormones. Enzymes, 
which are produced by living cells, are catalysts in biochemical reactions (like digestion)  and are usually proteins. Each 
enzyme is specific for the substrate (a reactant that binds to an enzyme)  upon which it acts. Enzymes can function to break 
molecular bonds, to rearrange bonds, or to form new bonds. An example of an enzyme is salivary amylase, which breaks 
down amylose, a component of starch.

Hormones are chemical signaling molecules, usually proteins or steroids, secreted by an endocrine gland or group of 
endocrine cells that act to control or regulate specific physiological processes, including growth, development, metabolism, 
and reproduction. For example, insulin is a protein hormone that maintains blood glucose levels.

Proteins have different shapes and molecular weights; some proteins are globular in shape whereas others are fibrous in 
nature. For example, hemoglobin is a globular protein, but collagen, found in our skin, is a fibrous protein. Protein shape is 
critical to its function. Changes in temperature, pH, and exposure to chemicals may lead to permanent changes in the shape 
of the protein, leading to a loss of function or denaturation. All proteins are made up of different arrangements of the same 
20 kinds of amino acids.

Amino acids are the monomers (single units) that make up proteins. The sequence and number of amino acids ultimately 
determine a protein’s shape, size, and function.
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Nucleic Acids
Nucleic acids are key macromolecules in the continuity of life. They carry the genetic blueprint of a cell and carry 
instructions for the functioning of the cell.

The two main types of nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is the genetic 
material found in all living organisms, ranging from single-celled bacteria to multicellular mammals.

The other type of nucleic acid, RNA, is mostly involved in protein synthesis. The DNA molecules never leave the nucleus, 
but instead use an RNA intermediary to communicate with the rest of the cell. Other types of RNA are also involved in 
protein synthesis and its regulation.

DNA and RNA are made up of monomers known as nucleotides. The nucleotides combine with each other to form a 
polynucleotide, DNA or RNA. Each nucleotide is made up of three components: a nitrogenous base, a pentose (five-carbon)  
sugar, and a phosphate group (Figure 2.22).  Each nitrogenous base in a nucleotide is attached to a sugar molecule, which is 
attached to a phosphate group.

Figure 2.22 A nucleotide is made up of three components: a nitrogenous base, a pentose sugar, and a 
phosphate group.

DNA Double-Helical Structure
DNA has a double-helical structure (Figure 2.23). It is composed of two strands of nucleotides, aligned like a ladder and 
then twisted around itself. This unique structure is necessary for the vital functionality of this molecule. The elaborate 
process of DNA replication and ultimately inheritance is "designed" around this structure!

Figure 2.23 The double-helix model shows DNA as two parallel strands of intertwining molecules. (credit: Jerome
Walker, Dennis Myts)
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Lesson 5 
ENERGY OF LIFE
Introduction
Virtually every task performed by living organisms requires energy. Energy is needed to perform heavy labor and exercise, but 
humans also use energy while thinking, and even during sleep. In fact, the living cells of every organism constantly use energy. 
Nutrients and other molecules are imported into the cell, metabolized (broken down)  and possibly synthesized into new 
molecules, modified if needed, transported around the cell, and possibly distributed to the entire organism. For example, the 
large proteins that make up muscles are built from smaller molecules imported from dietary amino acids. Complex 
carbohydrates are broken down into simple sugars that the cell uses for energy. Just as energy is required to both build and 
demolish a building, energy is required for the synthesis and breakdown of molecules as well as the transport of molecules into 
and out of cells. In addition, processes such as ingesting and breaking down pathogenic bacteria and viruses, exporting wastes and 
toxins, and movement of the cell require energy. From where, and in what form, does this energy come? How do living cells 
obtain energy, and how do they use it? 

Energy and Metabolism

Scientists use the term bioenergetics to describe the concept of energy flow through living systems, such as cells. 
Cellular processes such as the building and breaking down of complex molecules occur through stepwise chemical 
reactions. Some of these chemical reactions are spontaneous and release energy, whereas others require energy to proceed. 
Just as living things must continually consume food to replenish their energy supplies, cells must continually produce more energy to 
replenish that used by the many energy-requiring chemical reactions that constantly take place. Together, all of the 
chemical reactions that take place inside cells, including those that consume or generate energy, are referred to as the 
cell’s metabolism.

Metabolic Pathways
Consider the metabolism of sugar. This is a classic example of one of the many cellular processes that use and produce energy. 
Living things consume sugars as a major energy source, because sugar molecules have a great deal of energy stored within their 
bonds. For the most part, photosynthesizing organisms like plants produce these sugars. During photosynthesis, plants use energy 
(originally from sunlight)  to convert carbon dioxide gas (CO2)  into sugar molecules (like glucose: C6H12O6). They 
consume carbon dioxide and produce oxygen as a waste product. The reaction of photosynthesis is summarized as:

6CO2 + 6H2 O-->C6 H12 O6 + 6O2

Because this process involves synthesizing an energy-storing molecule, it requires energy input to proceed. During the light 
reactions of photosynthesis, energy is provided by a molecule called adenosine triphosphate (ATP),  which is the primary energy 
currency of all cells. Just as the dollar is used as currency to buy goods, cells use molecules of ATP as energy currency to 
perform immediate work. In contrast, energy-storage molecules such as glucose are consumed only to be 
broken down to use their energy. The reaction that harvests the energy of a sugar molecule in cells requiring oxygen to 
survive is called cellular respiration and can be summarized by the reverse reaction to photosynthesis. In this reaction, 
oxygen is consumed and carbon dioxide is released as a waste product. The reaction of cellular respiration is summarized as:

C6 H12 O6 + 6O2-->6H2 O + 6CO2

Both of these reactions involve many steps.

The processes of making and breaking down sugar molecules illustrate two examples of metabolic pathways. A metabolic pathway is 
a series of chemical reactions that takes a starting molecule and modifies it, step-by-step, through a series of 
metabolic intermediates, eventually yielding a final product. In the example of sugar metabolism, the first metabolic 
pathway synthesized sugar from smaller molecules, and the other pathway broke sugar down into smaller molecules. These 
two opposite processes—the first requiring energy and the second producing energy—are referred to as anabolic pathways 
(building polymers)  and catabolic pathways (breaking down polymers into their monomers),  respectively. Consequently, 
metabolism is composed of synthesis (anabolism) and degradation (catabolism) .

It is important to know that the chemical reactions of metabolic pathways do not take place on their own. Each reaction 
step is facilitated, or catalyzed, by a protein called an enzyme. Enzymes are important for catalyzing all types of biological reactions
—those that require energy as well as those that release energy.
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Figure 4.3 Catabolic pathways are those that generate energy by breaking down larger molecules. Anabolic pathways 
are those that require energy to synthesize larger molecules. Both types of pathways are required for maintaining the 
cell’s energy balance.

Energy
Thermodynamics refers to the study of energy and energy transfer involving physical matter. Biological organisms 
are open systems. Energy is exchanged between them and their surroundings as they use energy from the sun to 
perform photosynthesis or consume energy-storing molecules and release energy to the environment by doing work and 
releasing heat. 

According to the first law of thermodynamics, energy may be transferred from place to place or transformed into different 
forms, but it cannot be created or destroyed. The transfers and transformations of energy take place around us all the 
time. The challenge for all living organisms is to obtain energy from their surroundings in forms that they can 
transfer or transform into usable energy to do work. Living cells have evolved to meet this challenge. Chemical energy 
stored within organic molecules such as sugars and fats is transferred and transformed through a series of cellular chemical 
reactions into energy within molecules of ATP. Energy in ATP molecules is easily accessible to do work. Examples of the 
types of work that cells need to do include building complex molecules, transporting materials, powering the motion of 
cilia or flagella, and contracting muscle fibers to create movement.

A living cell’s primary tasks of obtaining, transforming, and using energy to do work may seem simple. However, 
the second law of thermodynamics explains why these tasks are harder than they appear. All energy transfers and 
transformations are never completely efficient. In every energy transfer, some amount of energy is lost in a form that is 
unusable. In most cases, this form is heat energy. Thermodynamically, heat energy is defined as the energy transferred from 
one system to another that is not work. For example, when a light bulb is turned on, some of the energy being converted 
from electrical energy into light energy is lost as heat energy. Likewise, some energy is lost as heat energy during cellular 
metabolic reactions. The second law of thermodynamics says that energy will always be lost as heat in energy transfers or 
transformations. Living things are highly ordered, requiring constant energy input to be maintained in a state of low 
entropy.

Remember that anabolic cellular pathways require energy to synthesize complex molecules from simpler ones and catabolic 
pathways release energy when complex molecules are broken down. The fact that energy can be released by the 
breakdown of certain chemical bonds implies that those bonds have some kind of stored or potential energy. In fact, there 
is potential energy stored within the bonds of all the food molecules we eat, which is eventually harnessed for use. This is 
because these bonds can release energy when broken. The type of potential energy that exists within chemical bonds, and 
is released when those bonds are broken, is called chemical energy. Chemical energy is responsible for providing living 
cells with energy from food. The release of energy occurs when the molecular bonds within food molecules are broken.
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Enzymes
A substance that helps a chemical reaction to occur is called a catalyst, and the molecules that catalyze biochemical reactions 
are called enzymes. Most enzymes are proteins and perform the critical task of lowering the activation energies of chemical 
reactions inside the cell. Most of the reactions critical to a living cell happen too slowly at normal temperatures to be of 
any use to the cell. Without enzymes to speed up these reactions, life could not persist. Enzymes do this by binding to the 
reactant molecules and holding them in such a way as to make the chemical bond-breaking and -forming processes take 
place more easily. It is important to remember that enzymes are not changed by the reaction they catalyze. Once one 
reaction has been catalyzed, the enzyme is able to participate in other reactions.

It would seem ideal to have a scenario in which all of an organism's enzymes existed in abundant supply and functioned 
optimally under all cellular conditions, in all cells, at all times. However, a variety of mechanisms ensures that this does not 
happen. Cellular needs and conditions constantly vary from cell to cell, and change within individual cells over time. The 
required enzymes of stomach cells differ from those of fat storage cells, skin cells, blood cells, and nerve cells. Furthermore, 
a digestive organ cell works much harder to process and break down nutrients during the time that closely follows a 
meal compared with many hours after a meal. As these cellular demands and conditions vary, so must the amounts and 
functionality of different enzymes.

The relative amounts and functioning of the variety of enzymes within a cell ultimately determine which reactions will 
proceed and at what rates. This determination is tightly controlled in cells. In certain cellular environments, enzyme activity 
is partly controlled by environmental factors like pH, temperature, salt concentration, and, in some cases, cofactors or 
coenzymes.

Enzymes can also be regulated in ways that either promote or reduce enzyme activity. There are many kinds of molecules 
that inhibit or promote enzyme function, and various mechanisms by which they do so. 

Glycolysis
Even energy-releasing reactions require a small amount of activation energy to proceed. Within the cell, where does 
energy to power such reactions come from? The answer lies with an energy-supplying molecule called adenosine 
triphosphate, or ATP. ATP is a small, relatively simple molecule, but within its bonds contains the potential for a quick 
burst of energy that can be harnessed to perform cellular work. This molecule can be thought of as the primary energy 
currency of cells in the same way that money is the currency that people exchange for things they need. ATP is used to 
power the majority of energy-requiring cellular reactions.

ATP in Living Systems
A living cell cannot store significant amounts of free energy. Excess free energy would result in an increase of heat in the cell, 
which would denature enzymes and other proteins, and thus destroy the cell. Rather, a cell must be able to store energy safely 
and release it for use only as needed. Living cells accomplish this using ATP, which can be used to fill any energy need of 
the cell. How? It functions as a rechargeable battery.
When ATP is broken down, its bonds are broken, energy is released. This energy is used to do work by the cell. For 
example, in the mechanical work of muscle contraction, ATP supplies energy to move the contractile muscle proteins.

You have read that nearly all of the energy used by living things comes to them in the bonds of the sugar, glucose. 
Glycolysis is the first step in the breakdown of glucose to extract energy for cell metabolism. Many living organisms carry out 
glycolysis as part of their metabolism. Glycolysis takes place in the cytoplasm of most prokaryotic (single-celled 
organisims) cells and in all eukaryotic (multi-cellular organisms) cells. 
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