
Activity of Natural Carboxylic Acids
Subjects: Food Science & Technology | Nutrition & Dietetics

Contributor: Aleksandra Golonko, Beata Godlewska-Żyłkiewicz, Świsłocka Renata, Monika Kalinowska, Świderski Grzegorz, Edyta

Nalewajko-Sieliwoniuk, MONIKA NAUMOWICZ, Wlodzimierz Lewandowski

Natural carboxylic acids described in this paper are plant-derived compounds having biological activity. The aim of this

review is to summarize and evaluate the physicochemical properties of selected compounds naturally occurring in plants,

their potential of microbiological   and anticancer activity. In order to create targeted modifications of the structure

enhancing its activity, it is; therefore, necessary to thoroughly understand the mechanisms of action of a given molecule

under systemic conditions.
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1. Introduction

The chemical structures of the reviewed natural carboxylic acids are presented in Figure 1. Benzoic acid (BA) is the

simplest aromatic monocarboxylic acid comprising a benzene ring core with a carboxylic acid substituent. Cinnamic acid

(CinA) ((E)--3-phenylprop-2-enoic acid) is an unsaturated monocarboxylic acid comprising an acrylic acid bearing a

phenyl substituent at the 3-position. It occurs as both cis and trans isomer, although the trans form is more common. It is a

precursor for the synthesis of a huge number of other more complex phenolic compounds. p-coumaric acid (p-CA) (4-

hydroxycinnamic acid) is one of the three hydroxyl derivatives of cinnamic acid that differ by the position of the hydroxy

substitution of the phenyl group. Caffeic acid (CFA) ((E)-3-(3,4-dihydroxyphenyl)prop-2-enoic acid, 3,4-dihydroxycinnamic

acid) is also a hydroxyl derivative of CinA in which the phenyl ring is substituted by hydroxyl groups at positions 3 and 4. It

exists in  cis  and  trans  forms, although the latter is more common. CFA is the building block of a variety of the plant

metabolites from the simple monomers to multiple condensation products giving a variety of caffeic acid derivatives.

Rosmarinic acid (RA) is an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid and its chemical structure contains five

hydroxyl groups. Chicoric acid (ChA) (also known as cichoric acid) ((2R,3R)-2,3-bis[[(E)-3-(3,4-dihydroxyphenyl) prop-2-

enoyl]oxy]butanedioic acid) is a tartaric acid ester of two caffeic acids. It possesses six hydroxyl groups in the structure; its

most abundant natural form is L-chicoric acid.

Figure 1. Chemical structures of reviewed natural carboxylic acids (NCA): benzoic acid (BA), cinnamic acid (CinA), p-

coumaric acid (p-CA), caffeic acid (CFA), rosmarinic acid (RA), and chicoric acid (ChA).

Natural carboxylic acids can be found in all plant tissues, including edible parts such as fruits, seeds, leaves, stems, and

roots. BA and CinA are naturally present in fruits, vegetables, nuts, herbs, spices, as well as fungal and animal tissues. BA

can be also produced by microorganisms during food processing.  Cinnamomum cassia  (L.) J. Presl–called chinese

cinnamon-is the richest natural sources of BA (0.336 mg/g) and CinA (0.01–1.91 mg/g)  . The content of BA in sage

(Salvia officinalis), thyme (Thymus vulgaris), and nutmeg is in the range of 0.015–0.05 mg/g. Other spices, such as

turmeric, coriander, laurel, paprika, and white and black pepper contain lower amounts of this compound (0.001–0.005

mg/g)  . CinA can be also found in citrus fruits, grapes, tea, cocoa, spinach, celery, and brassicas vegetables  . Phenolic
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acids, such as  p-coumaric, caffeic, and rosmarinic acids occur in small amounts in almost all green plants: fruits,

vegetables, herbs, grains, and mushrooms. They are frequently present in herbs and spices, such as rosemary, thyme,

oregano, sage, cinnamon, cumin, and bay. p-CA serves as a precursor of other phenolic compounds and exists either in

free or conjugated forms in plants. It forms conjugates with mono-, oligo-, and polysaccharides, alkyl alcohols, organic

acids, amine, and lignin. The content of free p-CA is very high in some mushroom species (traditional Chinese medicines)

and vary from several milligrams per gram to nearly a thousand times higher than that in fruits and herbs  . The level

of  p-CA determined in cinnamon, thyme, oregano, and rosemary was in the range 0.0022–0.0096 mg/g of dry weight

(DW). CFA is widely distributed in plant tissues. Coffee is the primary source of CFA in the human diet. Other edible plants

that have been found to contain CFA include sweet potatoes and artichoke. This polyphenol is present in many other food

sources, including blueberries, apples and cider, olive oil, and many culinary herbs: caraway, thyme, oregano, and

rosemary. The high content of CFA and  p-CA was found in sage (1.215 mg/g DW) and oregano (2.148 mg/g DW)  .

Lower amounts are present in bay, marjoram, and cinnamon  . RA is naturally occurring in several plants of the

Lamiaceae family, including rosemary, from which it was originally isolated, sage and Spanish sage, basil, oregano,

marjoram, and lemon balm. In lower amounts it was found in bay, cinnamon, and cumin  . ChA is most often reported in

the family Asteraceae (Aster family), or the family Dryopteridaceae (Wood fern family). Cichorium intybus and Echinacea
purpurea (L.) Moench. are well-known for their ChA production. But it was identified also in other plants (25 families, 63

genera and species)  .

2. Antimicrobial Properties of NCA

NCA have proven antimicrobial and antioxidant effects, which is why some of them have found application in food

preservation, for example benzoic acid (E210), which occurs naturally in cranberry or cinnamon and propyl gallate (E310)

synthesized from propanol and gallic acid. The antimicrobial potential of phenolic acids is associated with their chemical

structure and depends on the number of hydroxyl (-OH) and methoxy (-OCH ) groups  . As antimicrobial compounds,

they are often described as weak organic acids that diffuse across the cell membrane, acidify the cytoplasm and lead to

cell death  . Therefore, pKa and lipophilicity are important parameters in the initial assessment of their bactericidal

properties  . For example, caffeic acid as a hydroxycinnamic acid has a propene side chain, which makes it much less

polar than, for example, protocatechuic acid. Therefore, caffeic acid as a less polar compound also exhibits higher

lipophilicity, which may contribute to increase of cell membrane permeability   (Figure 2).

In studies conducted by Stojković et al.    it was observed that phenolic compounds such as caffeic acid, p-coumaric

acid, and also rutin retain their antioxidant properties in situ in food. Among the mentioned acids, caffeic inhibited the

growth to the greatest extent of Staphylococcus aureus developing in a food product. Analysing the antimicrobial activity

of phenolic acids, it was found that hydroxycinnamic acids have comparable or better properties than hydroxybenzoic

acids with the same number of hydroxyl groups. In addition, the antibacterial properties of hydroxybenzoic acids decrease

as the number of -OH groups increases  . It was also observed that the longer side chains in the alkyl esters of caffeic

acid showed better activity against Gram-positive bacteria, and the average chain length determined better activity against

Gram-negative bacteria. The activity of the esters formed is directly related to lipophilicity, which affects the sensitivity of

bacteria, the physicochemical properties of the bacteria and the integrity of cell membranes  . Generally, the structure of

the cell wall of Gram-positive bacteria allows the penetration of hydrophobic molecules into the cell, while the membrane

surrounding the wall of Gram-negative bacteria is virtually impermeable to them. Small hydrophilic compounds are able to

penetrate the transmembrane channels; however, Gram-negative bacteria are usually more resistant to the action of

antibiotics and hydrophobic toxins   . Higher lipophilicity enables the penetration of the acid molecule through the cell

wall and membrane, where it disrupts the structure of individual layers of lipopolysaccharides, fatty acids and

phospholipids and permeabilize them.
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Figure 2.  Selected mechanism of antimicrobial action of plant-derived carboxylic acids. [Based on  ] Anti-quorum

sensing. The quorum-sensing communication system can be inhibited in several different ways: Inhibition of autoinducers

synthesis and transport, antagonist activity for autoinducers-receptors, and also direct reaction or inhibition of autoinducer

activity. Changes in membrane properties. Phenolic acids (especially hydrophobic compounds) affect the properties of cell

membranes (charge, permeability) through changes in hydrophobicity, reduction of negative surface charge, and the

formation of pores in the membranes and leakage of intracellular components  . Anti-biofilm formation. Limiting the

formation of biofilm by phenolic acids involves limiting cell adhesion to the surface and inhibiting biofilm maturation,

indirectly through anti-quorum sensing action and inhibition of the expression of genes involved in biofilm formation  .

Interference with the ATP generating system. Phenolic acids, by increasing the permeability of cell membranes, leak ions

and partially inhibit the activity of ATPase    and other proteins, including enzymatic (enzymes inhibition). Acids with

strong nucleophilic properties (e.g., CA) can donate an electron pair to electrophilic functional group of plasma membrane

proteins and lipids leading to the membrane destabilization  .

3. Anticancer Activity of NCA

For many years, natural compounds of plant origin were the main source of oncological drugs, which over time underwent

the necessary structural modifications to enhance their activity, bioavailability, and specificity  . Although experimental

studies in cell or animal models have shown a positive relationship between the presence of phenolic compounds of

natural origin and inhibiting the development of cancer cells, it is very difficult to extrapolate the results of these studies to

cancer prevention or therapy in humans. One reason is that studies are often carried out at doses or concentrations far

beyond those that can be achieved in patients. Available literature on the beneficial effects of polyphenols in human diets

is based on in vitro or animal model experiments, but at concentrations far above those available in food sources. Mainly

aglycons or conjugated forms are studied, most often without taking into account the active forms of metabolites, which

does not provide complete information on the activity of these compounds in the body  .

In population studies, Russo et al.   observed a relationship between the consumption of phenolic acids and the risk of

developing prostate cancer. It turned out that patients consumed less caffeic and ferulic acid than healthy men (CA: 2.28

Vs. 2.76 mg/day, ferulic acid: 2.80 Vs. 4.04 mg/day). This may suggest that a sufficient level of phenolic acids in the diet

reduces the risk of developing prostate cancer. The effect of phenolic acid depends on the type of cancer. High and

moderate coffee consumption, up to 5 cups a day, appears to be associated with significantly smaller sizes of oestrogen

receptor alpha positive (ER+) invasive breast cancer, but no significant association with ER-type cancers was observed.

In vitro tests have shown that exposure to caffeic acid is followed by a 50% reduction in MCF-7 cell proliferation and a

30% decrease in IGFIR levels. In addition, women with ER+ tumours drinking more than two cups of coffee a day during

tamoxifen therapy showed reduced cancer recurrence compared to patients with low daily coffee intake  . Therapeutical

potential of plant phenolic acids in prostate and breast cancer was also described, inter alia, in     and in recent

review published by Abotaleb et al.  . In addition, caffeic acid has the property of reducing the mutagenic potential of

sodium azide or nitrofurylacrylic acid by 20–35%  . Chicoric acid had no antimutagenic effect. It al4so prevents

chromosomal aberrations and doxorubicin-induced cardiotoxicity in rats  . The rosmarinic acid also has an interesting

profile of anti-cancer properties. Zhang et al.   observed that RA induces apoptosis and inhibits the migration of ovarian
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cancer cells and modulates the expression of Malat-1–long non-coding RNA associated with,among other, tumour

metastasis. Other in vivo studies in xenograft mice indicate that RA also inhibits the growth of such pancreatic cells, where

it increases expression of miR-506 while inhibiting MMP2/16 and Ki-67  .

Natural carboxylic acids, especially phenolic acids, are most often described in the context of antioxidant properties, but

the mechanism of their action is very wide, not limited to reducing ROS. Small molecules can interact with receptors,

nucleic acids and proteins that act as transcription factors and enzymes (Figure 3).

Figure 3. Selected molecular mechanisms of action of carboxylic acids from food sources. (HDAC—histone deacetylase).

Therefore, these compounds affect signal transduction pathways (e.g., redox sensitive Keap1/Nrf2/ARE system) and

modifications of the chromatin structure, thus regulating gene expression, including those whose products are proteins

involved in antioxidative defence and cell cycle regulation  . It has been proved that cinnamic acids, especially

dihydroxycinnamic (caffeic) acid, have the ability to interact with HDAC2 (histone deacetylase 2), inhibiting its activity ex

vivo and in vitro and inducing apoptosis of colon and cervical cancer cells  . It is worth noting that HDAC inhibitors are

known potential anti-cancer drugs, among which there are inhibitors with a high affinity for zinc ions located in active

deacetylase centres (e.g., hydroxamic acid and compounds having a benzamide group  . Due to the fact that

carboxylic acid derivatives, also phenolic acids, possess chelating properties of metal ions (also Zn ), they are potential

HDAC inhibitors, which was confirmed by in silico and in vitro tests  .

In the prevention of colon cancer, a large role is played by the products of the metabolism of the intestinal microbiome,

which in addition to butyric acid and short-chain fatty acids are phenolic acids, e.g.,  trans-cinnamic acid formed in the

process of deamination of phenylalanine  . The products of microbiome metabolism often have much better health-

promoting properties than parent compounds, and in most cases biotransformation by microflora is necessary to ensure

the bioavailability of phenolic acids. Only part of the phenolic compounds consumed in the form of glycosides is

hydrolysed and absorbed in the small intestine. Ultimately, they undergo metabolism in the liver to conjugate forms—

sulphates or glucuronides. Non-absorbed glycosides pass into the colon, where they are metabolized by the intestinal

microbiome (e.g., flavonoids combined with rhamnose are hydrolysed by α-rhamnosidases produced by Bifidobacterium
dentium  . Hence the final effect caused by phenolic acids in the body will depend on the content of phenolic

compounds in food, their chemical form and the composition of the intestinal microflora. Although the activity of these

acids is low compared to conventional inhibitors, this result indicates that the metabolic product of microorganisms

inhabiting the gastrointestinal tract has antitumor potential. In studies published by Zhu et al.  , it was noted that the

administration of trans-cinnamic acid to rodents at a concentration of 1 and 1.5 mmol/kg body weight inhibited the growth

of colon cancer xenografts, and the mechanism of action of this compound was partly due to HDAC inhibition in cancer

cells. Phenolic acids also have direct antioxidant potential, protecting, among others before lipid peroxidation building

biological membranes. Cancer cells are often characterized by elevated levels of ROS compared to healthy cells, but due

to the inadequate bioavailability of phenolic compounds, their antioxidant intra-systemic activity is controversial.

Studies of Zambonin et al.    showed that phenolic acids (caffeic, syringic, and protocatechuic) reduce ROS and act

antiproliferative and proapoptotic in leukaemia (HEL) cell lines, without causing any (antioxidant and toxic) effect on

healthy cells (HUVEC). According to Wang and Yi    there are two opposing cancer therapy strategies based on the

redox status of cancer cells. On the one hand, antioxidant therapy can effectively inhibit cell proliferation and

neovascularization, which is a process in which free radicals participate, and also prevent the accumulation of mutations

leading to genomic instability. At the same time, pro-oxidative therapy aimed at sufficiently increasing the concentration of

free radicals in cancer cells may be a signal of initiation of apoptosis  . The biological properties of phenolic

phytochemicals depend; however, on the amount of metabolized compound and the concentration obtained in the body.

Ferulic and caffeic acids-the most common phenolic acids, after absorption undergo intensive metabolic processes, and

some of these metabolites still retain strong antioxidant properties in vivo. In human plasma, both acids occur almost
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exclusively as conjugated forms—glucoronates and sulphates, and in addition synergistic effects in the presence of other

products of metabolic processes are not excluded  . These compounds can also act indirectly on the reduction of free

radicals by stimulating the synthesis of antioxidant enzymes—SOD (superoxide dismutase), CAT (catalase), and GPx

(glutathione peroxidase)  .

4. Summary

In this review, we analysed the physicochemical and biological properties of the natural carboxylic acids series naturally

occurring in aromatic plants and spices—benzoic acid, cinnamic acid, and its hydroxyl derivatives (p-coumaric and caffeic

acids)—and selected esters (rosmarinic and chicoric acids). Cinnamic acid is a precursor for the synthesis of various

derivatives having hydroxyl groups as well as different esters. An example of such compounds are chicoric acid (a

derivative of caffeic and tartaric acid) and rosmarinic acid (an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid). An

additional hydroxyl groups and two carboxyl groups of the tartaric moiety present in the structure of chicoric acid may

improve its solubility and chelating capacity.

In the case of antimicrobial properties, structure-activity relationships are not easy to observe as they closely depend on

the experimental conditions and the microbial strain. There are a lot of mechanisms in the case of antibacterial action:

From lowering the pH of the cytosol, chelating essential transition metal ions, disrupting quorum-sensing intercellular

communication, to disturbing the integrity of cell membranes and efflux of cytoplasmic constituents and release of

intracellular K   ions (Figure 2). Phenolic acids also inhibit the activity of bacterial enzymes, disrupting their metabolism

and depriving the substrates necessary for growth. In the case of hydroxycinnamic acids, a higher ion leakage and a

greater influx of protons into the cells is observed than in hydroxybenzoic acids  .

Current reports on the anti-cancer properties of phenolic acids focus on explaining the mechanism of their action. It was

found, inter alia, that acids, in addition to their anti-radical activity, can bind to specific cellular proteins, acting as inhibitors

(e.g., inhibition of MAPK4 by rosmarinic acid in cancer cells   or inhibition of phosphatase in pathogenic bacteria YopH

by chicoric acid on the basis of allosteric inhibition  ). Some processes are closely related and ROS-dependent

signalling pathways are particularly sensitive to the presence of antioxidants as phenolic acids  . It seems that hydroxyl

groups are particularly important, not only in the reduction of free radicals, but also in intermolecular interactions and

shaping the cytotoxic potential, while the carboxyl group participates in the chelation of endogenous transition metal ions

acting as, for example, HDAC inhibitors  . The studies conducted in the biological systems are extremely important, as

other constituents present is biological environment may influence the stability and activity of such compounds.
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