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Abstract

:

This review explores both the positive and negative impacts of chemistry on society, focusing on the intersection between pharmaceutical, natural, and synthetic chemicals. On the one hand, drugs developed through medicinal chemistry have saved lives, improved people’s quality of life, and increased longevity. However, they also pose risks, including fatalities and environmental damage. Pharmaceutical chemistry has revolutionized medical practice by enabling the treatment and cure of fatal or debilitating diseases, significantly contributing to the rise in global life expectancy through the research and development of new bioactive substances. This article also highlights the harmful effects of toxic synthetic substances, which negatively impact human health and the environment, affecting plants, animals, air, water, soil, and food.
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1. Introduction


Chemistry plays a fundamental and complex role in human health [1] across multiple sustainable dimensions, both positive and negative. Although this field was recognized as an exact science between the late 17th and early 18th centuries, influenced by fields like metallurgy and pharmacy, chemistry has impacted the entire course of human evolution through traditional medicine, agriculture, health, and environmental interactions. This ancient relationship with chemistry has not only ensured survival but has also improved human quality of life and increased longevity [2]. Much of the knowledge that has advanced human health was originally discovered by indigenous peoples, each tied to their local biomes. In modern times, this knowledge has been exploited by large corporations without proper rights or compensation, while the original knowledge holders have been displaced or even exterminated [3]. However, their understanding of plants for treating diseases, such as medicinal herbs, has been and continues to be used to cure and alleviate pain, significantly contributing to the increased longevity of humanity.



The use of chemicals dates back to the dawn of civilization, beginning with early hunters and gatherers. From the start, humans exploited chemical compounds found in plants, animals, and ores. Many discoveries of their applications took place by chance or by observing animal behavior during food foraging. Though primitive by today’s standards, these substances played a crucial role in the survival and success of the human species.



Archeological discoveries indicate that humans have always sought resources to restore health. One of the oldest records of medicine use is the Ebers Papyrus, an Egyptian document from 1550 B.C. that contains information on 7000 medicinal substances in 800 formulas. Another influential work from the Ancient World is Dioscorides’ De Materia Medica, which shaped medical practice until the 18th century. In this five-volume work, Pedanius Dioscorides compiled knowledge from his military service in the Roman army, documenting about 600 plants, 35 animal-based drugs, and 90 mineral-based substances [4]. Historical records also highlight the pivotal role Arab physicians played by introducing around 400 new drugs into the medicines used in classical antiquity. Arab contributions to the development of techniques such as distillation, sublimation, crystallization, and filtration, and their application in medicine preparation, are also significant [3,5].



The commercial expansion of humanity into new continents and cultures from the 16th century onwards introduced new health products to Europe and broadened knowledge of previously unknown civilizations [6]. During the Renaissance, the invention of the printing press led to the increased production of books, which helped spread knowledge across the known world. Interest in new products sparked a fascination among botanical and therapeutic research, elevating the status of drug traders. Paracelsus (1493–1541) emerged as a key figure in the history of chemistry, pharmacy, and medicine, credited with introducing internal metal salt therapy, advocating for chemical medications, and emphasizing the importance of laboratories in the preparation of drugs [6].



Humanity experienced a period of great scientific excitement during the 17th and 18th centuries, driven by the contributions of prominent thinkers and scientists. This surge of ideas and innovation led to the invention of critical instruments for scientific progress, such as the telescope, barometer, thermometer, and microscope. These advancements laid the foundation for considerable progress in the following centuries, paving the way for the development of microbiology, vaccine production, and public health initiatives through the hygienist movement [7].



In the early 19th century, chemistry emerged as a central science across various fields, uncovering the intricate structures of natural products that had been used for centuries, such as the alkaloids morphine and quinine, which are still employed in clinical medicine today [8,9]. However, despite these advancements, the preparation of chemically pure substances remained a significant challenge throughout the 19th century.



It was only in the mid-20th century that technological advances and the development of analytical and spectroscopic techniques enabled the large-scale separation and preparation of both natural and synthetic substances, as well as their application in the treatment of various diseases. Each molecule tells a unique, centuries-old story of ancestral knowledge, isolation, identification, and, in some cases, synthesis. Even simple molecules like iodine (I2), introduced in the 19th century as an antiseptic to clean wounds and prevent infections, have played decisive roles [10].



1.1. Examples of Substances That Have Revolutionized Health


The 20th century saw remarkable advancements in the development of chemical-based drugs and therapies, many of which were discovered in nature or developed in laboratories. Chemistry evolved to encompass not only the synthesis of compounds but also the study of their biological interactions and therapeutic effects on the human body. This progress solidified chemistry as a central science, vital to both medical and technological advancements. Beyond creating jobs, chemical science has been instrumental in improving human quality of life, increasing longevity, and shaping modern society.



Some of the substances that have revolutionized health, including quinine (1), aspirin (2), morphine (3), camphor (4), ethanol (5), and penicillin (6), are only some examples, highlighted in Figure 1, among many others. The examples presented in Figure 1 illustrate how chemistry positively influenced human life, even before it was formally recognized as a science.



Each molecule has a unique and fascinating history. Some began with promise but turned into disasters, while others achieved remarkable success, sparking new fields of study and continue to make valuable contributions. Each trajectory reflects the complexity and profound impact of molecules on science and society.



1.1.1. Quinine


Quinine (1) is one of these fascinating substances. It is an alkaloid extracted from the bark of the Quina or Cinchona tree, found in over 40 species belonging to the Cinchona genus (Rubiaceae), distributed throughout the tropical forests of South America. The bark arrived in Europe in 1658, with the story of Spanish countess Ana del Chinchón, who was cured of intermittent fevers—likely malaria—during her stay in Peru. At the time, bark powder was the only known treatment for malaria, typically consumed in bitter preparations diluted in water or wine [11,12]. Quinine (1) has saved billions of lives over the past 500 years and has also inspired the synthesis of numerous new drugs. Its use is considered a milestone in the development of antipyretic and antimalarial medications, significantly contributing to the evolution of pharmacology. The isolation of this compound took place in 1820, becoming the standard treatment for malaria. Clinical studies conducted between 1866 and 1868 indicate that quinine, along with four other alkaloids isolated from cinchona bark, was effective in “stopping febrile paroxysms”, with cure rates exceeding 98%. However, the low quinine extraction yield from various Cinchona species nearly drove these plants to extinction in South America, prompting specialized cultivation for commercial exploitation [12]. The quest to synthesize quinine led to a dispute among several chemists, culminating in its total synthesis by Paul Rabe and Karl Kindler in 1918, although the synthesis was only fully confirmed in 2008 by Smith and Williams [9].



Quinine remained the primary treatment for malaria until the 1940s, when resistant strains began to emerge, prompting the urgent need for alternative substances. This led to the development of a new class of quinoline compounds derived from quinine (1), i.e., chloroquine (7), mefloquine (8), and amodiaquine (9) (Figure 2) [13]. Mefloquine (8) exhibits a higher structural similarity to quinine (1), featuring a quinolinyl–piperidinoethanol system, a simplified version of the quinine ruban skeleton [14]. This compound was developed at the Walter Reed Army Institute in the USA to be administered in a single daily dose. Chloroquine (7), the leading drug in malaria chemotherapy due to its high efficacy, low toxicity, safety, and easy synthetic production, is derived from quinine (1), by opening up the ruban ring to form the aliphatic pentane chain. This development involved molecular simplification strategies, such as replacing the ruban nucleus with an aliphatic chain and bioisosterism, substituting the hydroxyl group with an amine group (Figure 2). Discovered by Bayer researchers, chloroquine was the primary drug of choice for 15 years, until its indiscriminate use led to the emergence of resistant strains. Amodiaquine (9), an alternative for chloroquine-resistant strains, is derived from chloroquine (7) and features a phenyl system, a rigidified version of the aliphatic chain (Figure 2). Although it shares a similar mechanism of action with chloroquine (7), amodiaquine displays a shorter half-life of around 3 h. Resistance to amodiaquine has emerged in some areas, which is why it is now used in combination therapies rather than as monotherapy [15].



Despite pharmaceutical advances encompassing new quinine analogs, quinine is still used in combination with other antimalarials in cases where the protozoan Plasmodium falciparum is resistant [16]. Beyond its antimalarial use, quinine also exhibits potential applications as an antiarrhythmic and in the treatment of calf cramps, rheumatoid arthritis, colds, gastric issues, and photodermatitis [17].




1.1.2. Acetylsalicylic Acid


Acetylsalicylic acid (2), commonly known as Aspirin® and developed by Bayer, is an acetylated derivative of the natural compound salicin, a glycoside found in the bark of willow trees from the Salicaceae family, such as Salix alba and Salix fragilis. Extracts from willow bark and leaves were known since antiquity by the Sumerians, Egyptians, Greeks, and Romans for their analgesic, anti-inflammatory, and antipyretic properties—a history spanning over 3500 years [18]. Salicin extraction in 1824 enabled its use as an “Indigenous substitute for quinine sulfate”. In 1838, the Italian chemist Raffaele Piria made a significant breakthrough by synthesizing salicylic acid (9) through the oxidative hydrolysis of salicin, marking a major milestone in both chemistry and human health. This discovery sparked a race to fully synthesize salicylic acid, eventually leading to the establishment of the first synthetic salicylate production factory in Dresden in 1874. However, the use of salicin and its salicylate derivatives was not successful in therapy due to gastro-irritant properties and an unpleasant taste, a common issue with compounds containing phenolic hydroxyl groups. Continued research on salicylates, primarily at Bayer laboratories, however, led to a breakthrough in August 1897, where German chemist Felix Hoffmann replaced the phenolic hydroxyl group with an acetyl radical, creating acetylsalicylic acid (2), or Aspirin®, retaining its potent analgesic effects without undesirable side effects (Figure 3).



The transformation of salicylic acid (9) into acetylsalicylic acid (2) (Figure 3) applies the principle of latency [19]. This term was introduced by Harper in 1959, referring to the process of obtaining substances that require prior biotransformation to exert pharmacological effects—also known as prodrugs. The term “prodrug” was first used by Albert in 1958. The enzyme responsible for the biotransformation of acetylsalicylic acid (2) into its active metabolite, salicylic acid (9), is carboxylesterase, which is found in the liver.



Molecular hybridization [20], the combination of bioactive fragments into a single chemical structure, comprises another strategy to develop more active and less toxic compounds derived from salicylic acid (9) and acetylsalicylic acid (2) (Figure 4). One example is the synthesis of benorylate (10), an anti-inflammatory, analgesic, and antipyretic drug, created by combining acetylsalicylic acid (2) and paracetamol (11) (an analgesic and antipyretic). The same strategy has been employed to synthesize acetaminosalol (12), another hybrid with similar pharmacological effects, by combining paracetamol (11) with salicylic acid (9) (Figure 4).



Currently, acetylsalicylic acid (2) is the subject of about 1500 scientific studies per year, demonstrating that, over its 125-year history, it has become a cornerstone in medicine. It is widely used for the relief of various types of pain, particularly headaches, as well as fever, preventing and treating cardiovascular [21,22] and cerebrovascular diseases, lowering cancer risks [23,24], and serving as an external antiseptic. Aspirin® is available in different forms and combinations, such as acetylsalicylic acid (2) in 500 mg tablets (ASPIRIN® and MICROACTIVE ASPIRIN®); acetylsalicylic acid combined with caffeine (CAFIASPIRIN®); and with ascorbic acid (vitamin C-ASPIRIN® C) in formats such as effervescent tablets. Additionally, ASPIRIN® PREVENT was developed following the discovery of acetylsalicylic acid’s platelet aggregation inhibition properties, used in the prevention of cardiovascular events such as heart attacks and strokes [25].




1.1.3. Morphine


Morphine (3) is an excellent example of a beneficial substance to humans for at least 5500 years, serving as a prototype for the development of opioid analgesics and anesthetics [26]. This compound belongs to the alkaloid class of substances and is extracted from the resin of immature poppy flower capsules (Papaver somniferum). Once dried in the sun, this resin is called opium, a product rich in other alkaloids in addition to morphine [27]. Poppies were used as early as 3000 B.C. by Sumerians, who cultivated them specifically to extract opium [28].



Opium was used for millennia as an analgesic, but not until 1804 did German pharmacist Friedrich Wilhelm Adam Sertürner isolate its main component, morphine (3), named after the Greek god of sleep, Morpheus, due to its sedative effects. By 1853, morphine (3), with its unique chemical structure (Figure 1), had become the most powerful centrally acting analgesic known to society [29]. Its structure was elucidated in 1923 by Robert Robinson and collaborators, but its total synthesis was only achieved in 1952 by organic chemist Marshall D. Gates Jr and collaborator [30,31]. This achievement was a major milestone in organic and pharmaceutical chemistry, although it did not lead to a practical method for the industrial production of morphine, which is still primarily extracted from plants like opium.



Morphine (3) induces tolerance, meaning that progressively higher doses are required to achieve the same therapeutic effect. This tolerance can lead to physical dependence, which is associated with severe withdrawal symptoms in morphine-dependent individuals. Due to these adverse effects, the World Health Organization (WHO) recommends that morphine (3) be used only in specific cases, such as for the relief of severe pain. Despite these limitations, morphine (3) remains one of the most potent and important centrally acting analgesics and is widely used in the treatment of acute pain, particularly in cancer patients [31]. The significance of morphine is reflected in the size of its global market, valued at USD 16.2 billion in 2023. The market is projected to increase from USD 17.27 billion in 2024 to USD 26.8 billion by 2032, with a compound annual growth rate (CAGR) of 6.50% during the forecast period (2024–2032) [32].



Similarly, to salicylic acid (9), many studies have focused on the chemical structure of morphine (3) to develop more selective and easily synthesized substances. The molecular simplification of this compound’s structure (3) led to the creation of a safer group of central analgesics, represented by the 4-phenylpiperidine derivative (13). This derivative maintains the pharmacophoric groups responsible for biological activity but features much simpler structures, making their production and application more efficient (Figure 5) [33].




1.1.4. Camphor


Camphor (4) is an organic monoterpene, a white or crystalline compound produced by Cinnamomum camphora (L.), a tree native to Asia belonging to the Lauraceae family. All parts of this plant emit the characteristic odor of its essential oil, which is associated with a cooling sensation. However, camphor (4) is obtained through steam distillation, purification, and sublimation, primarily from the wood of the tree’s branches and bark, where it is present at higher concentrations. The first complete total camphoric acid synthesis was achieved by Finnish chemist Gustaf Komppa in 1903. Today, much of camphor (4) is synthesized from turpentine oil to reduce the need for tree felling in the traditional extraction process [34].



The historical significance of camphor (4) is tied to its extensive and diverse use in the East. Its application as a circulatory stimulant, for example, has been long recognized by the Chinese. During the Black Death in the 14th century, camphor (4) was used as an air purifier, and was even included in perfumes mixed with rose water, which were spread over corpses prior to their burial. In traditional Chinese and Ayurvedic medicine, camphor (4) was used to treat bacterial and fungal infections, inflammation, congestion, muscle aches, irritation, and itching in various parts of the body. The antibacterial, antifungal, and antiviral properties of camphor (4) are currently well-documented in various species. Studies concerning essential oils, in which camphor is a major component, have recognized its effectiveness both in isolated form and in combined with two or three monoterpenes, displaying synergistic activity [35,36]. In medicinal chemistry, camphor (4) holds significance as a chiral starting material in the enantioselective synthesis of various derivatives with broad biological activities, including antimicrobial, antiviral, antioxidant, analgesic, and anticancer properties [37].




1.1.5. Ethanol


Antiseptics and disinfectants are used in hospitals and other environments to eliminate microorganisms through topical application on solid surfaces and hands, as they cause the breakdown of microbial cell membranes [38,39]. A wide variety of chemical agents are used as antiseptics and disinfectants, including alcohols, phenols, iodine, chlorine, quaternary ammonium salts, and polychlorinated compounds, among others. Ethyl alcohol, also known as ethanol or aqua vitae (Latin for “water of life”, referring to a concentrated aqueous solution of ethanol) (5), has been used for centuries as an antiseptic and disinfectant for skin asepsis, wound care, and cleaning solid surfaces [40]. During the COVID-19 pandemic, the importance of 70% ethyl alcohol was widely recognized as one of the most effective measures for disinfecting surfaces and sanitizing hands, significantly aiding in reducing the transmission of the SARS-CoV-2 virus. Its easy accessibility, proven effectiveness, and practical application made it an essential tool, particularly in high-traffic areas. Ethyl alcohol (ethanol, 5) at 70% is highly effective against COVID-19 because this concentration allows it to penetrate the virus’s lipid membrane, destabilizing and denaturing viral proteins, which leads to virus destruction. The 70% alcohol concentration contains the ideal amount of water to slow its evaporation, ensuring longer contact times with pathogens and enhancing its disinfectant action. In addition to its antiseptic properties, ethanol (5) is also crucial in pharmaceutical chemistry as a solvent in drug synthesis, also used to extract compounds from medicinal plants, and in the purification of bioactive compounds.



Ethanol (5) is an iconic chemical compound that has evolved alongside humanity as one of the most widely consumed substances in history, produced through a simple microbiological fermentation process. Depending on the carbohydrate source, ethanol is used to create various distilled beverages such as cachaça, beer, wine, cognac, whiskey, vodka, and sake. This biological fermentation is the oldest chemical process known for the natural production of alcoholic beverages [41]. In the Middle Ages, alcoholic beverages were distilled to increase alcohol concentrations and applied topically by physicians as wound antiseptics. More recently, ethanol has been used before injections and as a key component in many hand sanitizers, also becoming a leading renewable fuel [42]. Although its use as a fuel dates back to the early 20th century, it gained significant momentum in Brazil with the launch of the Pro-Alcohol (National Alcohol Program) initiative in 1975. Since then, ethanol’s use as a fuel has expanded globally, particularly in flex-fuel vehicles.




1.1.6. Penicillin


Penicillin (6), belonging to the β-lactam antibiotic class, revolutionized the concept of antibiotics in health treatment, providing an efficient way to combat various bacterial infections. This substance was isolated from the fungus Penicillium notatum by Alexander Fleming in 1928 and became the first widely employed antibiotic, profoundly impacting the treatment of bacterial infections [43]. Although penicillin (6) was first synthesized in 1957 by Sheehan and collaborators, the product obtained through a total synthesis was not economically viable for commercialization and was, instead, produced via semi-synthetic methods [44]. Penicillin (6) transformed the medical paradigm for treating infections, saving millions of lives and sparking a global scientific search for new antibiotics—a search that continues today due to the growing issue of bacterial resistance due to the overuse and misuse of antibiotics [45]. New penicillin derivatives have been developed through medicinal chemistry techniques, by mapping the relationship between chemical structure and biological activity (Figure 6) [46]. The β-lactam ring is critical for antibacterial activity, along with the presence of a free carboxylic acid. This bicyclic system also plays a key role in optimal β-lactam ring activity. While the sidechain acylamine is typically essential, some exceptions like thienamycin are noted. Sulfur, although common, is not indispensable. Additionally, the stereochemistry of both the bicyclic ring and the acylamine side chain is vital to this molecule’s efficacy (Figure 6) [47].





1.2. Examples of Harmful Human and/or Environmental Health Substances


The concept of sustainability-driven innovation is excellent and holds significant promise for addressing global challenges. Many substances that were introduced to the market have led to a lack of global sustainability and global climate emergencies. Certain innovative substances, though created with good intentions, have caused more harm than good. Due to serious adverse effects on human health and the environment, many of these substances have been banned in several countries. While some innovations have failed to meet initial promises, others have had disastrous consequences, causing irreversible global damage [48]. Figure 7 highlights what we consider to be the most pressing problems, although this list represents only a small part of reality and does not cover all cases. Most emerging environmental and health issues are associated with chemicals developed in the 1970s and 1980s, whose resolution was often limited to local efforts. These issues have since escalated into global phenomena, leading to the destruction of rivers and lakes, increased greenhouse gas emissions, ozone layer depletion, ocean acidification, climate change, and air pollution, among others.



1.2.1. DDT


1,1,1-Trichloro-2,2-bis(4-chlorophenyl) ethane, better known as DDT (14), is a pesticide widely used for over 40 years after World War II to combat malaria-carrying mosquitoes and other crop-damaging insects. This compound (14) was first synthesized in 1874 by Viennese pharmacologist Othmar Zeidler. However, it was Swiss chemist Paul Hermann Müller who, in the pursuit of a long-lasting and inexpensive insecticide, discovered DDT’s insecticidal properties and chemical stability. The compound is insoluble in water but dissolves well in most organic solvents, fats, and oils. Although effective, DDT (14) is non-selective, killing all types of insects and causing significant environmental damage. It has also been linked to adverse human health effects, including cancer. As a result, its agricultural use was banned in most countries under the Stockholm Convention on Persistent Organic Pollutants in 2001 [49].



1,1,1-Trichloro-2,2-bis(4-chlorophenyl) ethane (14) was banned due to its toxic and persistent effects, but Paul Hermann Müller was awarded the Nobel Prize in Physiology or Medicine in 1948 for his contributions to pest control, which had a profound impact on agriculture and public health at the time. Despite the numerous problems caused by DDT (14), this compound has played a significant role in human history. Since its discovery in 1939, DDT (14) was instrumental in the eradication of malaria, typhus, and other insect-borne diseases in many countries, particularly between the 1950s and 1970s [50]. Müller’s research contributed to understanding how insecticides affect insects, paving the way for the development of new chemicals for pest control. His studies also led to greater awareness of the environmental and health impacts of indiscriminate chemical use, driving further research into safer pesticide alternatives and their interactions with ecosystems.



The uncontrolled use of DDT (14) led to its accumulation and persistence in the environment, food chains, and the adipose tissue of animals, including humans. It is metabolized into DDE (21). Based on toxicological evidence and increasing concerns regarding its harmful effects on birds, DDT was banned in many countries in the 1970s. It became clear that DDT not only directly harmed wildlife but also caused widespread contamination of water and food sources, affecting ecosystems and human health [51,52].



The product marketed as DDT (14), synthesized from chloral (Cl3C-CHO), is a mixture of several compounds, including DDT (14), 4,4′-dichloro-diphenyl-dichloroethane (DDD) (20), and 4,4′-dichloro-diphenyl-dichloroethylene (DDE) (21) [52]. One of DDT’s defining characteristics is its environmental persistence. However, many fungi are capable of degrading DDT (14) through both aerobic and anaerobic processes. The main byproducts of this microbiological degradation are 4,4′-DDD (20) and 4,4′-DDE (21) (Figure 8).



Many books throughout history have had a profound impact on society and shaped the course of historical events. This includes Silent Spring, by Rachel L. Carson (1907–1964), which played a key role in the eventual banning of DDT (14) [53]. The book was conceived after Carson received a letter from Olga Owens Huckins of Duxbury, Massachusetts, who reported that DDT (14) was killing local birds. Silent Spring is universally recognized as a watershed moment in the history of modern environmentalism, emphasizing the need for political analysis to align with scientific data. In the book’s final sentence, Carson wrote, “The control of Nature is a phrase conceived in a spirit of arrogance, born of the Neanderthal age of Biology and Philosophy when it was assumed that Nature existed for the convenience of Man”. This book introduced the term “environment” into public policy discourse. However, powerful denialist forces driven by financial interests sought to discredit Carson, both personally and professionally. Chemical companies that manufactured DDT (14) tried to suppress and discredit the book’s findings, while newspapers labeled Carson as “hysterical” and “extremist”. Time magazine criticized her for “sentimentality”, and her scientific credibility was questioned. The industry even funded advertisements aimed at refuting her work. Robert White-Stevens, a biochemist and assistant director of American Cyanamid’s Division of Agricultural Research, infamously stated in the 1960s: “If man followed the teachings of Miss Carson, we would return to the Dark Ages, and insects, diseases, and worms would inherit the Earth again” [54]. This is a typical example of scientists acting as denialists in defense of a profit-driven model, prioritizing financial interests over environmental concerns. Current evidence indicates that this approach has collapsed due to its lack of consistency and sustainability. However, the relationship between humans and nature is still largely detrimental to the environment and despite nature being a life provider, it is often viewed as an obstacle to development.



The epigraph of Silent Spring was written by German philosopher and physician Albert Schweitzer who won the Nobel Peace Prize in 1952 and remains relevant today: “Man has lost the ability to predict and to forestall. He will end by destroying the Earth—from which he and other living creatures draw their sustenance. Poor bees, poor birds, poor men” [53].



In Brazil, several cases of contamination due to the intensive use of DDT (14) are noted. These include regions in the state of Mato Grosso [55], and the Madeira River basin (Amazon), where DDT (14) was found in the breast milk of local mothers. Other cases include the contamination of marine animals and water in the state of São Paulo by DDT and other organochlorines, as well as soil contamination from DDT (14) and its metabolites in obsolete deposits in the city of Belém, in the state of Pará. In the municipality of Duque de Caxias, in the state of Rio de Janeiro, a DDT (14) factory operated up until 1960 [56,57,58]. Known as “Boys Town”, the site was abandoned with about 350 tons of DDT (14) (borer dust) still present, leading to severe environmental and human contamination. There is suspicion that this DDT (14) exposure contributed to local congenital malformations, miscarriages, early-onset neurological diseases, and certain types of cancer. The soil surrounding the factory remains contaminated with organochlorine insecticides [59,60].



In 2023, it was discovered that pesticides are decimating bird populations across several European countries [61]. In Brazil, the pesticide Menvifos (trade name Phosdrin or Fosdrin) (22) (Figure 9) killed numerous hyacinth macaws (Anodorhynchus hyacinthinus) in the Pantanal, highlighting the disregard for biodiversity. This class of pesticides is among the most harmful to human health [62]. Bees, Apis mellifera, also continue to be decimated by pesticides, causing hive collapses. In January 2019 alone, over 50 million bees were killed in Santa Catarina, with the primary cause comprising the use of the insecticide fipronil (23) (Figure 9) in nearby soybean crops [63,64]. Recently, over 100 million bees were killed in the state of Mato Grosso due to the application of the same pesticide [65].




1.2.2. White Asbestos or Chrysotile


Asbestos have become a major global threat to human health. These compounds comprise fibrous silicate minerals that occur naturally and have been widely employed in various commercial products due to their unique properties. The term “asbestos” is often used generically to describe several types of substances, including white asbestos (chrysotile asbestos) (8) and amphiboles such as crocidolite, amosite, and actinolite. More specifically, “asbestos” commonly refers to white asbestos. The most commonly employed type in industrial products is chrysotile, a hydrated magnesium silicate (chemical formula Mg3Si2O5(OH)4) [66].



These fibrous minerals are used in building materials (tiles, water tanks, gloves, thermal wall insulation) and industrial products requiring resistance to heat, fire, and chemicals. Asbestos have been industrially exploited for their insulating properties, fire resistance, electrical resistance, and corrosion resistance. However, they have also been linked to severe respiratory diseases such as pulmonary interstitial fibrosis (asbestosis), lung cancer, and malignant mesothelioma [67], particularly among occupationally exposed workers. The toxicity and carcinogenicity of asbestos in the respiratory tract occur primarily due to their ability to adsorb cell membranes. Due to associated health risks, civil society successfully advocated for the production shutdown and banning of asbestos use in the 1970s in over 50 countries. The pathogenicity of different forms of asbestos varies according to fiber size, with long, thin amphibole fibers being more pathogenic, particularly in causing mesothelioma [68]. Despite over 40 years of research confirming the carcinogenicity of this toxic mineral, which was exploited in alarming quantities worldwide, global asbestos production still hovers around 2 million tons annually [69]. Roughly 90% of the world’s asbestos comes from only four countries, namely Russia, China, Brazil, and Kazakhstan [70]. The continued production and use of asbestos remains a significant global health threat.




1.2.3. Thalidomide


Many drugs have entered the pharmaceutical market only to be withdrawn due to dangerous side effects, but none were as catastrophic as thalidomide (16). This drug caused severe deformities in over 10,000 children and is considered the greatest medical-pharmaceutical disaster of the 20th century [71]. Thalidomide (16) was synthesized in 1953 and introduced in various European, Asian, Canadian, and South American countries. By 1957, it became the best-selling drug in West Germany, marketed by the pharmaceutical company Grünenthal GmbH under different brand names such as Kavadon®, Sedalis®, Softenon®, Distaral®, and Contergan®. However, by 1960, thalidomide (16) was being prescribed worldwide as a sedative and anti-nausea agent, particularly to relieve morning sickness in pregnant women. Thalidomide (16) contains an asymmetric carbon in its structure, and it was sold as a racemic mixture, containing equal parts of its two enantiomers. What was not known at the time was that the S-enantiomer displays teratogenic properties (from the Greek terás = monster and gene = origin) (Figure 10), meaning it caused severe congenital malformations, particularly affecting arm and leg development in unborn babies [72]. In December 1961, the scientific journal The Lancet published a letter from Australian obstetrician W. G. McBride, detailing the tragedy of congenital anomalies caused by the use of thalidomide during pregnancy [73]. Frances Kelsey, an American medical officer at the FDA, refused to approve the commercialization of thalidomide in the United States. In 1961, she was awarded the President’s Award for Distinguished Federal Civilian Service by President John F. Kennedy, recognizing her as a guardian of public health for her efforts in preventing the drug’s distribution and protecting the public from its harmful effects [74,75].



The observation of the teratogenic effects caused by (±)-thalidomide (16) in pregnant women during their first pregnancy trimester in the early 1960s marked a turning point in recognizing the risks of administering a drug in its racemic form, particularly when the eudysmic ratio (the difference in pharmacological activity between enantiomers) is unknown. This legislative failure led to significant reforms in regulatory agencies, which began to require more rigorous testing for drug approval.



It is important to highlight the importance of thoroughly studying chiral substances intended for pharmaceutical use. In the case of thalidomide (16), subsequent attempts to resolve its enantiomers through chromatographic methods to administer the enantiomerically pure species could not prevent the teratogenic tragedy as, even if the enantiomerically pure form of thalidomide (16) is administered, the (S)-enantiomer—responsible for the teratogenic effect—undergoes epimerization in human plasma, converting back to the racemic mixture in vivo. This configuration inversion phenomenon, or racemization, is also observed in other therapeutic classes, such as non-steroidal anti-inflammatory drugs (NSAIDs) belonging to the 2-arylpropionic acid class [76].



Even with extensive studies to ensure the safety and efficacy of new drugs prior to their market introduction, some instances where approved drugs caused significant harm are noted [77]. This is the case of Vioxx (rofecoxib), a non-steroidal anti-inflammatory drug (NSAID) developed for pain and inflammation relief, particularly in arthritis patients. Manufactured and marketed by Merck & Co. (Rahway, NJ, USA), Vioxx was approved in 1999 but was withdrawn in 2004 after being linked to numerous deaths caused by cardiovascular problems, such as heart attacks and strokes, particularly in patients who used the drug in higher doses or for prolonged periods of time [78].




1.2.4. Tetraethyl Lead


Vehicle fuel additives used in public and private transport are an efficient way to improve engine performance. These additives serve various functions, such as reducing engine wear, preventing engine knock, and inhibiting oxidation. Engine knock, or “ping knock”, occurs when the gasoline-air mixture combusts prematurely, before spark plug ignition, causing shock waves. This results in combustion engine power loss, mechanical damage, and overheating. After discovering that the issue was with the fuel, not the engine, researchers began searching for additives to reduce detonation. One such additive is the organometallic compound tetraethyl lead (17) (Figure 11), which was added to gasoline to increase octane ratings since the 1920s, enabling higher compression ratios, preventing engine knock, and improving performance. However, after 75 years of widespread use, tetraethyl lead was banned globally, due to its role in air contamination and the harmful effects of lead exposure.



The uses and toxic effects of lead on humans have been known since antiquity [79], particularly among the Romans, who were exposed to lead through mining, utensils, and water distribution pipes made from this metal [80]. In one Roman mine, drawings of “butterflies” were found on the walls, suggesting that it was the “butterfly room”—a reference to the hallucinations caused by the toxic effects of lead experienced by miners [81].



Fossil fuels, consisting of aliphatic and aromatic hydrocarbons, including polycyclic aromatic hydrocarbons, are complex mixtures containing varying concentrations of potentially toxic substances. The pursuit of a cheap and efficient chemical compound for use in engines, which would also benefit large corporations, led to the addition of this problematic organometallic compound to fuel mixtures, significantly increased fuel complexity, worsening air pollution, and negatively affecting public health [82]. While improving engine efficiency, these benefits came at the cost of severe environmental damage and air quality deterioration. Particulate lead oxide, released by exhaust gasses (Equations (1) and (2))


Pb(C2H5)4 + 13 O2 → 8 CO2 + 10 H2O + Pb



(1)






2 Pb + O2 → 2 PbO



(2)




became the primary source of lead toxicity, posing a serious threat to both human and environmental health.



The idea of adding tetraethyl lead to gasoline originated from Thomas Midgley Jr. (1889–1944) [83,84], who discovered its anti-knock properties. After testing hundreds of substances, he identified tetraethyl lead as the solution, despite initial misconceptions about its mechanism of action [85]. While Midgley made a significant contribution to the development of tetraethyl lead, the most effective production process—known as the Kraus–Callis process—was developed by Charles August Kraus (1875–1967) [86] and Charles C. Callis (1888–1956) [87]. This process involves combining molten sodium with molten lead at a 1:1 ratio to form a reactive metal alloy, which then reacts with ethyl chloride (CH3CH2Cl) to produce tetraethyl lead. The compound is subsequently separated from the mixture using vapor drag distillation (Equation (3)) [88]


PbNa + 4 CH3CH2Cl → 3 Pb + 4 NaCl + Pb(C2H5)4)



(3)







In the past, gas pumps indicated whether the fuel contained leaded gasoline, leaving the choice to consumers. However, it was not widely known that this additive was highly toxic, both before and after combustion. Studies have demonstrated that tetraethyllead is significantly harmful to humans, particularly affecting workers who handle this substance [89]. Bloodstream levels can cause neurological symptoms and lead to encephalopathy [90,91], cardiovascular diseases [92], cancer [93], hemangiosarcoma [94], and other serious conditions. Exposure to high lead levels can result in a range of illnesses, including intellectual disability, coma, seizures, and death, as well as hyperactivity, impaired growth, learning and reading difficulties, hearing loss, insomnia, and various behavioral health issues [95]. A recent long-term study, which began in 1996, revealed that children born during the “age of leaded gasoline” developed intellectual and cognitive deficits, potentially compromising their performance into adulthood [96]. Importantly, in 1922, before tetraethyllead went into large-scale production and global distribution, Dr. Charles Kraus of Germany warned Thomas Midgley Jr. that the compound was “a treacherous and injurious poison”, noting that it had caused the death of a senior scientist at his university. Despite this warning and the fact that companies were already aware of the harmful effects of this product, it was marketed for nearly 100 years before being withdrawn globally, after 1980 [97]. The process was not easy, as it involved powerful corporations and complex dynamics, including industrial, regulatory, judicial, and public health interests, along with public pressure. This collective effort eventually led to a significant reduction in lead exposure [98]. By the 2000s, many countries had completely banned tetraethyl lead in gasoline, driven by the undeniable evidence of its harmful public health effects.




1.2.5. Stilbesterol


Active pharmaceutical ingredients (APIs), initially considered safe and beneficial for treating diseases, can reveal harmful effects over time to both environmental and human health. This can lead to significant changes in their use, regulation, and public perception. One such example is diethylstilbestrol (18), also known as stilbestrol.



Diethylstilbestrol (18) is a synthetic drug that was introduced to the pharmaceutical market in 1940 by Eli Lilly and Company. Prescribed between the 1940s and 1970s, it was developed as an estrogen analog to prevent miscarriages, premature births, and other pregnancy complications. However, serious health risks emerged with its use in pregnant women. One of the most severe problems encompassed the increased risk of clear cell adenocarcinoma of the vagina or cervix in women exposed to the drug in utero, particularly if the exposure occurred during the first pregnancy trimester [99]. An estimated 5 to 10 million Americans either received diethylstilbestrol (18) during pregnancy or were exposed to it in the womb [100]. In addition, men who had intimate contact with women who used the drug were also affected.



In 1971, Arthurs L. Herbst and colleagues [101,102] were the first to link the drug to a rare and severe form of vaginal cancer in young women. Diethylstilbestrol (18) was later classified as an endocrine disruptor, a substance that interferes with hormonal function in individuals exposed to this compound during development or later in life. After Herbst and his team established its connection to breast cancer, cervical cancer, infertility, and reproductive anomalies, the U.S. federal government banned the use of diethylstilbestrol (18) in pregnant women in 1971.




1.2.6. Polychlorinated Biphenyls


Finally, finalizing the descriptions of harmful substances presented in Figure 7, we highlight the problems caused by Polychlorinated Biphenyls (PCBs) (19). This family of compounds consists of two interconnected benzene rings with varying poly substitution patterns which, due to their coplanar structure, can intercalate with DNA. About 209 compounds are classified as PCBs (19), whose physicochemical and toxicological properties are similar to those of dioxins and furans, earning them the label “dioxin-like PCBs”. PCBs were introduced to the market in the late 1920s by the Monsanto Company, valued for their chemical stability, electrical insulation properties, and heat resistance [103]. These qualities led to their widespread industrial use in electrical equipment, hydraulic systems, and as additives in paints, sealants, and plastics.



However, the stability that made PCBs useful also lead to their environmental persistence, resulting in increased concentrations over time. This has transformed PCBs into significant health, environmental, and occupational hazards, associated with several health problems [101], including cancer, immune system depression, reduced fertility [104], endocrine disorders (type 2 diabetes, obesity), liver, and neurological issues. Additionally, PCBs are persistent organic pollutants that display the capacity to bioaccumulate in terrestrial and marine organisms, including humans [105]. Human contamination occurs through various exposure pathways, such as through the ingestion of contaminated food and through the inhalation of or dermal contact with dust [106].



The production of PCBs was banned by the U.S. Environmental Protection Agency in 1979 [107] and later restricted by the Stockholm Convention on Persistent Organic Pollutants (POPs) in 2001, which came into effect in 2004. This international treaty aims to protect human and environmental health from POPs, including PCBs. Despite the ban, PCBs continue to contaminate the environment and food sources due to their chemical stability and consequent long-term persistence.






2. Final Thoughts


This article explored the complex relationship between health, the environment, and chemical innovations, highlighting both scientific breakthroughs and some of the worst human and environmental disasters. The widespread use of chemicals in our daily lives has brought numerous health and environmental challenges. The ability of scientists to create new, previously unknown, substances marked a significant chapter in human history, granting humanity immense power over life and nature. While innovative chemicals have saved lives and extended human longevity, they have also caused deaths and deformities when their toxicological risks were inadequately assessed or when they did not perform as expected.



Some synthetic substances have led to poisoning and the contamination of air, soil, and water matrices. We cannot overlook the devastating impacts of harmful pesticides, chemical warfare, and industrial disasters, such as the Bhopal disaster in Madhya Pradesh, India, in 1984, when a toxic gas leak of methyl isocyanate from a pesticide plant used by Union Carbide India killed between 15,000 and 20,000 people. Over time, regulations have caught up, leading to the banning of substances like DDT, PCBs, and tetraethyl lead—though often belatedly. The fine line between a chemical’s efficacy and its toxicity highlights the increasing importance of careful, in-depth research and the development of new compounds.
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Figure 1. Examples of chemical substances that have had an impact on human health. 
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Figure 2. Quinine-derived (1) origin of the antimalarial compounds mefloquine (8), chloroquine (7) and amodiaquine (9). 
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Figure 3. The synthesis of acetylsalicylic acid, Aspirin®, a synthetic prodrug derived from white willow (Salix alba). 
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Figure 4. Use of acetylsalicylic acid (Aspirin®) (2) and salicylic acid (9) in the research and development (R&D) of new bioactive molecules, such as 10 and 12, employing the molecular hybridization principle. 
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Figure 5. Morphine (3) application in the research and development (R&D) of new classes of bioactive molecules, such as 4-phenylpiperidine (13), utilizing the molecular hybridization principle. 
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Figure 6. The application of penicillin (6) in the research and development (R&D) of new classes of antibacterial molecules involves mapping its pharmacophoric entities. 
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Figure 7. Substances that lead to negative human health and environmental effects. 
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Figure 8. By-products present in commercial DDT (14). 
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Figure 9. Fosdrin (22) and fipronil (23), two examples of highly toxic pesticides that lack selectivity. 
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Figure 10. Chemical structure of the racemic drug thalidomide (16), (±)2-(2,6-dioxo-3-piperidinyl)-1H-isoindole-1,3-(2H)-dione; or (±)-phthalimidoglutarimide. 
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Figure 11. The chemical reaction caused by mixing tetraethyl lead (17) to gasoline to obtain higher octane ratings. 
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