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ABSTRACT: Hydroquinone (1,4-dihydroxybenzene) is a
chemical substance with widespread uses in cosmetics, industry,
and medicine as a skin-lightening agent and antioxidant. In this
article, the chemical nature of hydroquinone, metabolic
transformations involved, and toxicological significance, with
emphasis on its renal impact, have been addressed. Even though
hydroquinone is anti-hyperpigmentary and anti-melasma, it has
significant risks due to its ability to cause oxidative stress,
nephrotoxicity, and systemic toxicity after prolonged exposure.
The medication is metabolized into reactive metabolites with the
ability to damage renal tissues and disrupt cellular redox
homeostasis. Chronic exposure, especially via unregulated
cosmetics, increases the likelihood of adverse health effects like
kidney damage, exogenous ochronosis, and carcinogenicity.
Hydroquinone product prevalence in locales of elevated skin
lightening demand fueled by sociocultural constructions of
beauty underscores the need for greater regulatory oversight and
education. This article emphasizes the importance of
cosmetovigilance as a public health approach and endorses
global regulatory measures to minimize the risks in the
application of hydroquinone while ensuring consumer safety.

KEYWORDS: Hydroquinone, Public health Cosmetovigilance,
Cosmetics, Kidney health.
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INTRODUCTION

In 1820, Pelletier and Caventou used the dry distillation of quinic acid to produce
hydroquinone, also known as 1,4-dihydroxybenzene. Friedrich Wohler came up with the term
around 1884. Hydroquinone has a melting point of 173 degrees Celsius; it is a white,
crystalline powder (Bogels et al., 1997; Banodka et al., 2022), and it is the major benzene
metabolite. It is a chemical everywhere in the environment due to its extensive use in
industrial and human processes. In European Union nations, hydroquinone was used in
commercially available skin-lightening cosmetic formulations from the 1950s to 2001. Since
the 1960s, it has also been offered for sale as a medicinal medication. It can be found in
cosmetic formulations of items used to coat hair dyes and fingernails (O'Donoghue et al.,
2006). Additionally, it can be utilized as a stabilizer in paints, varnishes, lubricants, and
motor fuels, as well as a developing agent in photography and a dye intermediate (Enguita &
Leitdo, 2013). A medication that is frequently used for melasma, post-inflammatory
hyperpigmentation, and other conditions is hydroquinone. It is an aromatic chemical
molecule and a strong inhibitor of melanin synthesis. The side effects that are frequently
mentioned include exogenous ochronosis and irritating contact dermatitis. It may, however,
in rare cases, result in irreversible leukoderma (Das et al., 2019). Hyperpigmentation,
depigmentation, conjunctival melanosis, corneal degeneration, nail discoloration, exogenous
ochronosis, and irritating contact dermatitis are hydroquinone's side effects. Erythema,
pruritus, mild edema, burning, and scaling are the hallmarks of irritant contact dermatitis—
the most prevalent side effect (Das et al., 2019). Berries that contain arbutin and the leaves of
other plants are examples of natural sources of hydroquinone. Hydroquinone is produced
from the hydrolysis of arbutin (Banodka et al., 2022).

Lightening of skin tones is common among women, young girls, and certain men worldwide
(Shroff et al., 2018). Due to a significant demand for cosmetics that lighten skin tones, the
skin-lightening sector is expanding quickly on a global basis. The belief that having light skin
is a sign of beauty, prosperity, and power is largely responsible for society's excessive need
for skin-lightening cosmetics (Bamidele et al., 2023). Additional justifications for applying
skin-lightening cosmetics include enhancing one's appearance, adhering to current fashion
trends, curing skin conditions like melasma or acne, enhancing one's body and facial
complexion, and appeasing one's spouse (Olumide et al., 2008). These skin-lightening
cosmetics, which are unfortunately being smuggled into countries, include dangerous metals
and hydroquinone, among other prohibited ingredients (Dlova et al., 2015). The fact that
many of these cosmetics contain dangerous ingredients, including hydroquinone, mercury
(Hg), and arsenic (As), raises serious concerns (Alam et al., 2019; Chen et al., 2020; Balali-
Mood et al., 2012). In skin-lightening cosmetics, hydroquinone and mercury have both been
shown to be potentially harmful substances.

According to data from the National Toxicology Program (NTP), hydroquinone increased the
incidence of renal tubule adenomas in male F344 rats but not in females, liver adenomas, and
thyroid gland follicular cell hyperplasia in both male and female B6C3F1 mice (O'Donoghue
et al.,, 2021). Hard et al.'s (1997) reexamination of renal pathology in rats used in the NTP
hydroquinone bioassay revealed that male rats' renal adenomas colocalized with the more
severe types of chronic progressive nephropathy (CPN). Additional research by Hard et al.
(2012) using F344 rats and NTP cancer bioassays of 24 other chemicals demonstrated
unmistakable proof of a qualitative and statistically significant correlation between the
development of low-grade renal tubule tumors and atypical renal cell hyperplasia, which are
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comparable to those observed in male F344 rats after exposure to hydroquinone, and
advanced stages of CPN severity.

Human exposure to hydroquinone, a chemical that is widely used in many industrial,
cosmetic, and pharmaceutical applications, is becoming more common. Because of its
extensive use in skincare products, industrial processes, and even some foods, hydroquinone
has sparked serious concerns about its possible health effects, especially on renal function.
Understanding how it impacts renal health is crucial since the kidneys are particularly
susceptible to damage from chemicals and are essential for detoxification. In addition to
analyzing hydroquinone in detail, this review looks at its sources, applications, and frequency
of human exposure. The chemistry, metabolism, and toxicokinetics of hydroquinone are also
thoroughly explained. It further explains the process by which hydroquinone causes
nephrotoxicity. This study has summarized recent studies to highlight the significance of
investigating hydroquinone-related kidney toxicity, its consequences for public health, and
potential mitigation.

Chemical Structure and Properties of Hydroquinone

Hydroquinone is characterized by its aromatic benzene ring with two hydroxyl groups at the
para position, making it a dihydroxybenzene derivative (Fonagy et al., 2021).

Figure 1: Chemical structure of hydroquinone (C¢HcO2)

OH

HO

hydroquinone

This structure allows it to participate in various chemical reactions, including oxidation and
polymerisation (Koltzenburg et al., 2023).

Properties of Hydroquinone

Hydroquinone exhibits interesting redox properties. It undergoes reversible oxidation to form
quinones. This process involves the transfer of protons and electrons, which can be
influenced by the presence of intramolecular hydrogen bonds (Ansari et al., 2025).
Hydroquinone can also be polymerised through chemical oxidative reactions, forming
poly(para-hydroquinone) (PPHQ). This polymerisation is facilitated by oxidants like titanium
tetrachloride and involves the formation of a conjugated polymer with distinct vibrational and
optical properties (Gregory et al., 2021). Additionally, hydroquinone can undergo electro-
oxidative polymerisation to form poly(dihydroxyphenylalanine), which exhibits electroactive
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properties (Pandikumar et al., 2021). It can form clathrates, which are crystalline structures
that can encapsulate guest molecules, such as COz and CHa (Englezos, 2024).

Hydroquinone and its derivatives, particularly in prenylated forms, exhibit antioxidant
properties. These compounds can transform into para-quinones, which interact with enzymes
and proteins, potentially offering neuroprotective effects and applications in preventing
degenerative diseases (Giner et al., 2022). Hydroquinone's electron-rich nature makes it
suitable for chemical sensing applications. It can be used in the synthesis of conjugated
microporous polymers, which have been shown to have excellent fluorescence sensing
performance for detecting compounds like 2,4-dinitrophenol and 2,4,6-trinitrophenol (Geng
etal., 2021).

Metabolic Pathways of Hydroquinone in the Human Body

Hydroquinone, a metabolite of benzene, is known for its potential toxic effects and
involvement in various metabolic pathways in the human body (Valenzuela et al., 2024).
Understanding these pathways is crucial for assessing the risks associated with hydroquinone
exposure and its implications for human health.

Hydroquinone is metabolised by several cytochrome P450 enzymes, which play a significant
role in its biotransformation. These enzymes include CYP2D6, CYP3A4, and CYP2CS,
which are also involved in the metabolism of other compounds like hydroxychloroquine
(Paludetto et al., 2022). The activity of these enzymes can influence the rate and extent of
hydroquinone metabolism, affecting its toxicity and pharmacokinetics. Hydroquinone
exposure can lead to cellular damage through various mechanisms. It has been shown to
induce ferroptosis, a form of cell death characterized by iron-dependent lipid peroxidation, in
Jurkat cells. This process involves increased levels of intracellular Fe**, malondialdehyde,
and reactive oxygen species, along with decreased glutathione levels (Liu et al., 2024).
Additionally, hydroquinone can cause DNA damage and cell cycle abnormalities, potentially
leading to malignant transformations through pathways involving JNK1 signalling (Yu et al.,
2023).

Role of the Kidney in Excreting Hydroquinone and Its Metabolites

The kidneys play a crucial role in the excretion of hydroquinone and its metabolites,
primarily through processes involving conjugation and subsequent elimination via urine
(Georgiou-Siafis et al., 2023). These metabolites can cause significant renal damage through
oxidative stress and cellular toxicity. Hydroquinone is metabolised into various conjugates,
which are then excreted by the kidneys, often contributing to nephrotoxicity (Potega et al.,
2022).

Hydroquinone and its derivatives, such as tert-butyl-hydroquinone (TBHQ), undergo
glutathione (GSH) conjugation, forming nephrotoxic metabolites. These conjugates are
excreted in urine and can cause kidney damage, as evidenced by increased urinary excretion
of enzymes like gamma-glutamyl transpeptidase and alkaline phosphatase, indicating renal
stress and damage (Khezerlou et al., 2022).

Hydroquinone is metabolized into sulfur-containing compounds, which are excreted in urine
and bile. These metabolites are potentially nephrotoxic and contribute to the renal and
bladder carcinogenicity observed in rats (Hard et al., 2021). The nephrotoxic effects of
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hydroquinone metabolites are linked to their ability to induce oxidative stress and cell
damage in kidney tissues.

This is partly due to the formation of reactive oxygen species (ROS) and the interaction of
quinone-thioether metabolites with mitochondrial proteins, exacerbating oxidative damage
(Bolton et al., 2017).

Effects of Prolonged Exposure

Persistent, bioaccumulative, and toxic chemicals, such as heavy metals and organochlorines,
have been linked to increased cancer risks, particularly when present in mixtures (Zamora et
al., 2021). Long-term exposure to bioaccumulative substances can lead to significant
biological effects, such as reduced growth rates, altered reproductive conditions, and
increased DNA damage in organisms like fish and earthworms (Borgd et al., 2022).
Bioaccumulation can lead to biomagnification, where the concentration of a substance
increases up the food chain, potentially causing adverse effects in predators and entire
ecosystems (Ali et al., 2019). As an environmental pollutant, hydroquinone can adversely
affect cartilage homeostasis by activating the Aryl Hydrocarbon Receptor pathway. This
activation leads to oxidative stress and degradation of cartilage, contributing to joint diseases
(Fehsel et al., 2024).

The Role of Hydroquinone in Kidney Damage

Significant injury to renal cells would occur when ROS levels increase, causing apoptosis and
fibrosis, which ultimately contribute to the decline in kidney function (Verma et al., 2021).
Oxidative stress induces kidney damage through several mechanisms, including
mitochondrial dysfunction, inflammatory responses, and the upregulation of genes associated
with oxidative phosphorylation. These processes aggravate ROS production (Verma et al.,
2021; Piko et al., 2023).

Oxidative stress is often defined as an imbalance between pro-oxidants and antioxidants
(Jones D. P., 2006). A complex antioxidant defense mechanism generally maintains ROS
attack in balance, since living cells are constantly under oxidative attack from ROS, causing
“oxidative damage” (Burton & Jauniaux, 2011). Cell viability, activation, proliferation, and
organ function are maintained by the regulation of redox (reduction and oxidation) state. A
pathological change in that balance leads to growth in ROS concentrations, which results in
adverse modifications to cell components, such as lipids, proteins, and DNA (Birben et al.,
2012). Oxidative stress has been widely recognized as a risk factor for various detrimental
events, including atherosclerosis and mortality in chronic kidney disease (CKD) patients. At
the onset of the disease, oxidative stress is associated with the decline of renal function,
which is further escalated by hemodialysis (Yari et al., 2020).

Lipids, proteins, carbohydrates, and nucleic acids in biological tissues are under constant
oxidative attack due to the presence of Reactive Oxygen Species, which have an adverse
effect on their structure and function. ROS plays an important role in the pathophysiology of
renal impairment, facilitating chronic kidney disease progression as well (Coppolino et al.,
2018).

Oxidative stress and ROS production in the kidney interrupt the excretory function of each
section of the nephron. Functions such as water—electrolyte and acid—base balance, kidney
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regulatory mechanisms, tubular glomerular feedback, myogenic reflex in the supplying
arteriole, and the renin—angiotensin—aldosterone system are impaired by ROS and oxidative
stress (Podkowi et al., 2020). Podocyte damage (edema, apoptosis, and necrosis), depressed
glomerular filtration rate, proteinuria (Snoeijs et al., 2010), and tubulointerstitial fibrosis have
been linked to oxidative stress (Duni et al., 2019)

Hydroquinone has been found to stimulate genotoxicity, such as DNA damage, facilitated by
oxidative stress in these cell models (Peng et al. 2012). It easily undergoes automatic
oxidation to H202 and semiquinone radicals, which are remarkably reactive molecules (Luo
et al., 2008), causing oxidative stress (Rubio et al., 2011) and successive oxidative damage
(Luo et al., 2008).

Figure 2: Showing the impact of oxidative stress on the tissue from different sources
(Podkowi et al., 2020)
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Populations Exposed to Hydroquinone

Hydroquinone has been extensively utilized in various industries, including the
manufacturing of rubber, paints, varnishes, motor fuels, oils, and as a reagent in photographic
developers and in cosmetic products (McGregor, 2007). Furthermore, in industrial sources,
hydroquinone exists in free form and as B-D-glucopyranoside conjugate (arbutin) in some
bacteria, plants, coffee, red wine, and wheat cereals (Deisinger et al. 1996) as well as in
cosmetics (Olumide et al. 2008). In some geographical regions, skin whitening is becoming
prominent amongst men and young adults, although it is basically practised by women (Benn
et al., 2016). Fair complexion is believed to be a synonym for beauty, and the widespread
skin-lightening practices that result come from a complex interweaving of historical, cultural,
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social, psychological, and economic factors. It is estimated that about 75% of women in
Nigeria, 60% in Senegal, 50% in Mali and 30% in Ghana regularly use bleaching products
(Pollock et al., 2021).

Cosmetic Use and Its Potential Systemic Effects

The use of cosmetic products is increasing around the world, and the variety of chemical
compounds used in the manufacture of these products is growing at the same time. In this
way, the risk of intoxication, allergic processes, prolonged chemical exposure, side effects,
and indiscriminate use is also increased. The side effects derived from the use of cosmetics
pose health risks mainly due to exposure to numerous chemical substances. Its consequences
can range from a simple mild hypersensitivity reaction to an anaphylactic process or even a
lethal intoxication.

Cosmetics and skin care products are currently consumed worldwide, with frequent use,
increasing the exposure of the human body to the various chemical compounds that make up
its formulas. The prevalence of cosmetic side effects is challenging, as those with mild
reactions often do not seek medical advice (Draelos, 2015). The side effects of cosmetics can
indeed pose significant health risks, largely due to the extensive range of chemical substances
present in their formulations. The outcomes of such exposure can vary widely—from mild
hypersensitivity reactions, such as skin redness or itching, to severe cases like anaphylactic
shock or, in rare situations, lethal intoxication. These risks emphasize the need for stringent
regulation, proper labeling of ingredients, and increased consumer awareness to minimize
potential harm (Alani J. . et al., 2013).

Cosmetic ingredients are increasingly being recognized as emerging pollutants, with
environmental monitoring still in its infancy. These substances enter the environment through
various pathways, such as wastewater discharge, and often accumulate in aquatic ecosystems.
Their presence can disrupt marine and freshwater biodiversity, affecting organisms at
multiple trophic levels. Moreover, the persistence of certain chemicals, like microplastics,
UV filters, and parabens, poses long-term health risks not only to aquatic ecosystems but also
to humans, as these pollutants can enter the food chain (Nicolopoulou-Stamati P et al., 2015).
In public health science, the term "cosmetovigilance" has become known as a kind of health
surveillance aimed at ensuring the safety of cosmetic products for commercial purposes.
Cosmetovigilance is very important to control the potential risk posed by hazardous
ingredients present in cosmetics; by assessing adverse reactions and ensuring compliance
with safety regulations, this practice plays a crucial role in preventing consumer health.
(Vigan & Castelain, 2014).

Observation Associations with Kidney Diseases or Dysfunction

Hazardous substances in the manufacture of cosmetics are toxic heavy metals, such as lead
(Pb), cadmium (Cd), nickel (Ni), arsenic (As), and mercury (Hg). Some cosmetics may
contain aluminum (Al), classified as a light metal.

Cadmium, a heavy metal, is found in body and hair creams, which have the potential to pose
significant health risks due to its ability to penetrate the body through dermal contact.
Cadmium (Cd) may accumulate in the kidneys, with possible damage. Chronic exposure to
low levels of cadmium can also cause bone fragility and consequent bone fractures. Also,
acute ingestion of high levels of cadmium can result in severe stomach irritation, nausea, and
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vomiting. Prolonged exposure, at lower levels, increases the risk of chronic conditions,
especially kidney damage, due to its accumulation in the body (Khan et al., 2019). Cobalt
(Co) and nickel (Ni) can cause allergies such as contact dermatitis, and these metals are
commonly present in cosmetics such as eye shadow, face paint, hair cream, and lipstick. Lead
(Pb), when ingested in large quantities, may interfere with the synthesis of hemoglobin and
calcium channels, whose functions are important for nerve conduction. Lead is found in dyes
for hair (such as lead acetate, whose chemical formula is shown in Figure 2) and lipsticks,
eyeliners, eye pencils, and hair creams in their inorganic form, and it can be minimally
absorbed by the skin.

Figure 3: Chemical formula of Lead acetate

O§T/O\PKO\T%O

CH?’ CH3

Mercury is a significant ingredient in many skin-lightening creams, soaps, and eye makeup,
appearing in both organic and inorganic formulations. The inorganic form of mercury, found
in products, accumulates in the kidneys, leading to kidney damage over a long period of
exposure. Cases of inorganic mercury poisoning have been reported globally, including in the
USA, Mexico, Africa, and Europe (Mehrdad et al., 2014). Due to the toxicity, the US FDA
has banned the use of nine specific ingredients in cosmetics, while the EU has taken a stricter
stance by banning over 1,000 potentially harmful ingredients (Jadhav V. et al., 2016).

CONCLUSION

Due to increasing consciousness about beauty, people are using more cosmetic products,
which results in increasing adverse events. Cosmetic and beauty products are not that safe for
health, as they contain more than 10,000 ingredients that can be linked to disease. Due to the
continued use of cosmetics, people are exposed to adverse effects such as contact dermatitis,
allergy, redness of skin, type IV hypersensitivity, etc. Cosmetic ingredients used in cosmetic
products have a direct effect on the hormonal systems of the human body. The public should
be warned about the presence of toxic ingredients in cosmetic products. It is important to
implement a global cosmetovigilance system to encourage changes in cosmetic product
manufacturing, marketing, and use by the general population. Such a system would increase
the safety of these products and their ingredients and prevent the adverse effects of these
products. It is important to carry out studies investigating the adverse effects of cosmetics.
We suggest that researchers across the globe, especially from developing and underdeveloped
countries, perform more and more novel studies, particularly on the adverse effects of
cosmetics.
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