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Standardised comparison of 
limonene-derived monoterpenes 
identifies structural determinants 
of anti-inflammatory activity
cátia Sousa1,2,3, Alcino Jorge Leitão1,2,3, Bruno Miguel neves4, Fernando Judas1,3,5, 
carlos cavaleiro2,6 & Alexandrina Ferreira Mendes1,2,3 ✉

Mint species are widely used in traditional and conventional medicine as topical analgesics for 
osteoarthritic pain and for disorders of the gastrointestinal and respiratory tracts which are all 
associated with chronic inflammation. To identify the structural determinants of anti-inflammatory 
activity and potency which are required for chemical optimization towards development of 
new anti-inflammatory drugs, a selected group of monoterpenes especially abundant in mint 
species was screened by measuring bacterial lipopolysacharide (LPS)-induced nitric oxide (NO) 
production in murine macrophages. Nine compounds significantly decreased LPS-induced NO 
production by more than 30%. IC50 values were calculated showing that the order of potency is: 
(S)-(+)-carvone > (R)-(−)-carvone > (+)-dihydrocarveol > (S)-8-hydroxycarvotanacetone > (R)-8-
hydroxycarvotanacetone > (+)-dihydrocarvone > (−)-carveol > (−)-dihydrocarveol > (S)-(-)-pulegone. 
Considering the carbon numbering relative to the common precursor, limonene, the presence of 
an oxygenated group at C6 conjugated to a double bond at C1 and an isopropenyl group and S 
configuration at C4 are the major chemical features relevant for activity and potency. The most potent 
compound, (S)-(+)-carvone, significantly decreased the expression of NOS2 and IL-1β in macrophages 
and in a cell model of osteoarthritis using primary human chondrocytes. (S)-(+)-carvone may be 
efficient in halting inflammation-related diseases, like osteoarthritis.

Inflammation is an orchestrated physiological response elicited by exogenous inducers such as infectious agents, 
allergens, irritants and toxic compounds, as well as by endogenous triggers released from stressed or damaged 
tissues/cells1. Although aiming at restoring homeostasis, inflammation has the potential to cause tissue damage 
and perpetuate itself2. Likewise, inflammation has been reported as an important component associated with 
most chronic human diseases, such as rheumatic3, metabolic and neurodegenerative diseases and cancer2,4. Due 
to the increased incidence of these diseases in relation with population aging and the lack of efficacy and adverse 
side effects of currently available anti-inflammatory drugs more directed to acute inflammation, new therapeutic 
agents are needed to contend chronic inflammation-associated diseases5–7.

Natural products are increasingly used for their anti-inflammatory properties and as sources of new 
anti-inflammatory compounds5,6. Among the species most widely used, those of the family Lamiaceae, genus 
Mentha L., commonly designated as mint species, are widely used in traditional8 and conventional medicine, 
especially as essential oils. These are well-known for anti-inflammatory, antimicrobial, carminative, antispas-
modic and analgesic properties. Among several chemical classes identified in mint essential oils, monoterpenes 
belonging to the limonene synthase pathway, such as menthol, menthone, pulegone and carvone, are especially 
abundant8. Some components of this group of monoterpenes have been reported to possess anti-inflammatory 
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activity9 that may justify, at least in part, the beneficial effects attributed to mint species by traditional and con-
ventional medicine10,11. However, mint species exhibit many different chemotypes with significant diversity in 
qualitative and quantitative chemical composition11,12 that causes substantial variability, although poorly charac-
terized, in terms of pharmacological activity of distinct plants and their essential oils. Besides differences related 
to distinct chemotypes, disparities in the experimental design, namely concerning the range of concentrations 
tested and the cell and animal models and inflammatory stimuli used, also make comparisons or prediction of 
the efficacy and potency of different plants, their essential oils and individual compounds impossible. This heter-
ogeneity also makes it impossible to identify the structural determinants of activity, that is the structure-activity 
relationship (SAR) of this class of natural compounds.

The chemical optimization of an active compound requires that knowledge and is essential to improve its 
physicochemical properties and/or increase its potency and safety, thus yielding a suitable lead. This is especially 
important for monoterpenes whose volatility is a major drawback significantly limiting their use as active ingre-
dients for the large scale production of medicines. Hence, elucidating the SAR is essential to guide the chemical 
modification of these compounds, namely to lower their vapour pressure at room temperature, without compro-
mising pharmacological activity and/or increasing toxicity, and therefore to enable their progression towards new 
therapeutic agents13. Further, such knowledge is also essential to explain the different anti-inflammatory proper-
ties and potency of distinct mint chemotypes and their essential oils and can be used to predict the therapeutic 
potential of a given product based on its chemical composition.

Thus, the purpose of this study was to assess, under standardized conditions, the anti-inflammatory activity 
of a selected group of monoterpenes belonging to the limonene synthase pathway that are abundant in mint 
species (Fig. 1a) and to compare the potency of the active ones by determining their half-maximal inhibitory 

Figure 1. Structures of the monoterpenes tested. (a) Selected commercially available limonene-derived 
monoterpenes found in Mentha spp. (b) non-limonene-derived monoterpenes and (c) semi-synthetic 
limonene-derived monoterpenes were used to elucidate the role of specific chemical features. Stereochemistry 
of each chiral centre is indicated only where enantiomerically pure compounds were used. The numbering 
system employed here is based on compound 1.
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concentrations (IC50). These data were then correlated with structural features to identify chemical determinants 
of activity and potency useful to enable chemical optimization of the active compounds.

For this, the ability of the test compounds to inhibit the production of nitric oxide (NO), a potent and destruc-
tive inflammatory mediator14–16, induced by bacterial lipopolysaccharide (LPS) in the mouse macrophage cell 
line, Raw 264.7, was used as a well-established primary screening assay for the identification of small molecules 
with anti-inflammatory activity17,18. Then and to further confirm their anti-inflammatory activity, we determined 
the ability of the two most potent compounds to inhibit the expression of NO synthase 2 (NOS2), the enzyme that 
produces large amounts of NO in response to inflammatory stimuli15,19, and interleukin-1β (IL-1β), two critical 
inflammatory mediators strongly associated with several acute and chronic human inflammatory diseases3,16,20.

Finally, the most potent compound identified in macrophages, S-(+)-carvone (4), was tested in primary 
human chondrocyte cultures treated with the pro-inflammatory and catabolic cytokine, IL-1β, as a widely 
used cell model of osteoarthritis (OA)21. This is the most common musculoskeletal disease, causing pain and 
loss of mobility and quality of life to millions of people worldwide22. While no curative therapies are yet availa-
ble23,24 essential oils from Mentha spicata, which is especially abundant in S-(+)-carvone (4), are broadly used to 
decrease osteoarthritic pain25. Therefore, we hypothesized that such analgesic effect can be, at least in part, sec-
ondary to the anti-inflammatory properties of that compound. To test this hypothesis and evaluate its potential as 
an anti-osteoarthritic drug, we determined whether S-(+)-carvone (4) is also effective in reducing inflammatory 
responses in human chondrocytes.

Results
Nine out of twenty-one test compounds inhibit LPS-induced NO production in Raw 264.7 mac-
rophages. Commercially available compounds with substituents in specific positions of the p-menthane skel-
eton in limonene were selected for the primary screening assay (Fig. 1a). We also tested four unrelated natural 
compounds (Fig. 1b), as well as two semi-synthetic carvone derivatives (Fig. 1c), to further elucidate the relevance 
to anti-inflammatory activity of specific chemical features of the limonene-derived compounds tested.

Various concentrations of the test compounds, in the absence or presence of LPS, were first evaluated for cyto-
toxicity using the resazurin reduction assay26 (Figs. S1 and S2). Concentrations above 400 µg/mL (approximately 
2600 µM on average) were found not to be completely miscible in aqueous solution, even in the presence of 0.1% 
DMSO, and so this was the maximal concentration tested. Cytotoxicity was defined, according to the standard for 
cytotoxicity assessment, ISO 10993-527, as the highest concentration that did not decrease cell viability by more 
than 30% relative to cells treated with LPS alone. Non-cytotoxic concentrations of each compound were then 
selected for the screening assay and subsequent studies.

To confirm the quality of the screening assay, we used Bay 11–7082, a selective IκB Kinase inhibitor that abro-
gates NF-κB activation28 and the expression of its target genes, including NOS229, as a pharmacological control. 
Pre-treatment with 5 μM Bay 11-7082 decreased NO production to 48.1 ± 5.2% relative to cells treated with LPS 
alone, as expected.

At non-cytotoxic concentrations, none of the compounds tested affected basal NO production when added to 
macrophage cultures in the absence of LPS (data not shown) and eight (1, 2, 10, 11, 12, 14, 15 and 16) also had no 
effect on LPS-induced NO production (Table 1). Thirteen compounds were found to elicit a statistically signifi-
cant decrease of LPS-induced NO production at the highest concentration tested, but of these, four (3, 17, 18 and 
19) had only a negligible effect of less than 20%. The other nine compounds (4, 5, 6, 7, 8, 9, 13, 20 and 21) elicited 
a robust inhibition greater than 30% (Table 1) and, therefore, were selected for further studies.

Thus and to compare the active compounds in terms of potency, the respective concentration required to 
inhibit NO production by 50% (IC50) was determined by testing further non-cytotoxic concentrations. Since the 
maximal inhibition achieved with the highest non-cytotoxic concentration of (S)-(−)-pulegone (13) tested, did 
not exceed 36%, the IC50 for this compound was not determined. Results in Table 2 show that the order of potency 
of the remaining 8 active compounds is (S)-(+)-carvone (4)> (R)-(−)-carvone (5) ≫ (+)-dihydrocarveol 
(8)> (S)-8-hydroxycarvotanacetone (20)> (R)-8-hydroxycarvotanacetone (21)> (+)-dihydrocarvone (7)> 
(−)-carveol (6)> (−)-dihydrocarveol (9).

Identification of chemical features relevant for activity by correlation with potency. Having 
determined the order of potency of the active compounds, we then correlated those results with structural features 
of all compounds tested to identify the relevant structural determinants of anti-inflammatory activity. For this, 
we defined a carbon numbering system applicable to all compounds tested, since their different functional groups 
and application of IUPAC rules would lead to different numbering of the same carbon atoms. Thus, IUPAC rules 
were used to define carbon numbering for limonene (Fig. 1) and the resulting numbering sequence was applied 
to all test compounds without considering their specific substituents. Besides limonene-derived compounds, 
four other natural monoterpenes, β-myrcene (16), p-cymene (17), carvacrol (18) and thymol (19) (Fig. 1b), were 
tested mainly to assess the relevance of the rigidity or flexibility of the molecule for anti-inflammatory activity. 
Additionally, two carvone derivatives (20 and 21, Fig. 1c) were synthesized and tested to assess the relevance of 
the isopropenyl group at C4.

A functional oxygenated group, either a carbonyl or a hydroxyl group, at C6 is present in all active compounds 
(4-9, 20 and 21) and absent (1 and 2) or present at other positions (3, 10–12, 14 and 15) in all inactive or only 
slightly active (below 20% inhibition at the maximal non-cytotoxic concentration tested) compounds with the 
exception of (S)-(−)-pulegone (13) which bears a carbonyl group at C3 and showed weak activity.

Another important feature for activity seems to be the presence of an α,β double bond at C1, since its absence 
is the only difference between (+)-dihydrocarvone (7) and the much more potent carvone enantiomers (4 and 
5). Moreover, the conjugation of this double bond to the carbonyl group at C6 also seems relevant for activ-
ity since the two most potent compounds, (S)-(+)-carvone (4) and (R)-(−)-carvone (5), present this feature 
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which is also present in their derivatives (20 and 21), but not in the other less potent compounds. Nonetheless, 
(R)-(+)-pulegone (12) and (S)-(−)-pulegone (13) which have no or little activity, also have an α, β double bond 
conjugated to a carbonyl group, but involving the carbonyl group at C3 and the double bond at C4. Thus, the 
localization of the conjugated double bond and carbonyl group seems especially relevant for activity. Nevertheless, 
while (R)-(+)-pulegone (12) is inactive, its S enantiomer (13) showed weak activity, indicating that the stereo-
chemistry can be relevant for activity.

Then and to elucidate the relevance of the isopropenyl group at C4, present in six active compounds (4, 5, 
6, 7, 8 and 9), but also in five inactive ones (1, 2, 3, 10 and 11), we synthesized derivatives of the two most 
potent compounds, the carvone enantiomers, where that group was replaced by a 2-hydroxyisopropanyl group. 
The 8-hydroxycarvotanacetone enantiomers (20 and 21) synthesized showed significant activity, although much 
lower than the respective parent compounds (4 and 5) (Table 2), thus confirming the relevance of the isopropenyl 
group at C4 for anti-inflammatory activity. Nonetheless, the isopropenyl group per se is not sufficient for activity, 
as compounds with such group, but lacking the oxygenated group at C6 (1, 2, 3, 10 and 11) are inactive.

The results also show that (S)-(+)-carvone (4) and its derivative (20) are slightly more potent than their 
respective R isomers (5 and 21), from which they differ only in terms of stereochemistry at the chiral C4 atom. The 
third most potent compound used, (+)-dihydrocarveol (8), is a mixture of isomers of which the most abundant, 
(1 S,2 S,5 S)-dihydrocarveol, presents the S configuration at all its chiral centres, including C5 that corresponds to 
C4 of limonene, while its isomer, (−)-dihydrocarveol (9), four times less potent, is also a mixture of isomers, the 
most abundant of which, (1 R,2 R,5 R)-dihydrocarveol, presents the R configuration (detailed composition and 
purity of each test compound in Supplementary Table S1). Moreover, (−)-carveol (6) and (+)-dihydrocarvone 
(7) also have additional chiral centres at C6 or C1 and the products used are mixtures of S and R isomers at those 
positions, but in both, the most abundant is the isomer presenting the R configuration at the carbon atom corre-
sponding to C4 (detailed composition in Supplementary Table S1). Similarly, (R)-(+)-pulegone (12) is inactive, 
while its S enantiomer (13) shows weak activity. Taken together, these results suggest that the S configuration, 
especially at C4, is more favourable for activity.

Finally, we tested four monoterpenes (16–19) unrelated to the limonene synthase pathway (Fig. 1b), but pre-
senting various degrees of rigidity to elucidate the relevance of this feature for activity. Neither the more rigid 
(17–19), nor the more flexible (16) of these four compounds showed any activity.

Table 3 summarizes the chemical features found relevant for anti-inflammatory activity.

Compound

Highest non-cytotoxic 
concentration tested 
[µM (µg/mL)]

% inhibition of 
LPS-induced NO 
productiona [% ± SEM]

Adjusted p 
valueb

(S)-(−)-limonene (1) 36.7 (5) 11.08 ± 4.65 0.1968

(R)-(+)-limonene (2) 367 (50) −1.80 ± 0.55 0.4140

(1 S,2 S,4 R)-(+)-limonene-1,2-diol (3) 2349 (400) 13.90 ± 2.03 <0.0001

(S)-(+)-carvone (4)c 666 (100) 68.73 ± 1.55 <0.0001

(R)-(−)-carvone (5)c 666 (100) 71.50 ± 1.74 <0.0001

(−)-carveol (6) 2628 (400) 52.30 ± 5.54 0.0020

(+)-dihydrocarvone (7) 2628 (400) 73.57 ± 2.81 <0.0001

(+)-dihydrocarveol (8) 1297 (200) 71.03 ± 2.28 0.0002

(−)-dihydrocarveol (9) 2593 (400) 62.03 ± 8.62 0.0141

(+)-isopulegol (10) 2593 (400) −18.47 ± 5.65 0.0002

(−)-isopulegol (11) 2593 (400) −12.63 ± 1.30 <0.0001

(R)-(+)-pulegone (12) 1314 (200) 7.80 ± 2.98 0.1881

(S)-(−)-pulegone (13) 2628 (400) 35.60 ± 4.86 <0.0001

(−)-menthone (14) 1297 (200) −9.88 ± 2.85 0.0041

(−)-menthol (15) 2560 (400) −6.90 ± 1.24 0.0071

β-myrcene (16) 183 (25) 16.48 ± 17.00 0.1496

p-cymene (17) 37 (5) 8.50 ± 5.53 0.0100

carvacrol (18) 33 (5) 10.78 ± 1.34 <0.0001

thymol (19) 83 (12.5) 8.93 ± 1.91 0.0002

(S)-8-hydroxycarvotanacetone (20) 2378 (400) 78.43 ± 1.60 <0.0001

(R)-8-hydroxycarvotanacetone (21) 2378 (400) 76.25 ± 1.97 <0.0001

Table 1. Results of the primary screening assay relating the highest non-cytotoxic concentration tested and the 
% inhibition of LPS-induced NO production. aNO production was assessed as the amount of nitrite (NO2

−) 
accumulated in culture supernatants. % inhibition of NO production was calculated with the formula: 

− − ×− −

−( )100 NO NO
NO

( [ ] [ ] ) 100 %
[ ]

LPS test

LPS

2 2

2
 where [NO2

−]LPS is the concentration of NO2
− in LPS-treated cells and 

[NO2
−]test is the concentration of NO2

− in cells treated with LPS in the presence of each test compound. 
bAdjusted p value relative to LPS-treated cells. cThe highest non-cytotoxic concentration tested in the presence 
of LPS was 1331 µM (200 µg/mL). As 666 µM (100 µg/mL) decreased LPS-induced NO production to control 
levels, no further concentrations were tested in this primary screening assay.
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The carvone enantiomers inhibit LPS-induced NOS2 and IL-1β expression in macrophages. To 
further confirm the anti-inflammatory properties of the two most potent compounds, the expression of NOS2 
and IL-1β were evaluated at the mRNA and protein levels. Macrophage treatment with 1 µg/mL LPS significantly 
increased NOS2 mRNA (Fig. 2a) and protein (Fig. 2b) levels which, as expected, were decreased by Bay 11-7082. 
The carvone enantiomers, (4) or (5), also significantly reduced LPS-induced NOS2 mRNA (Fig. 2a) and protein 
levels (Fig. 2b), as well as IL-1β mRNA levels (Fig. 3a). Upon transcription, this mRNA is translated into a pre-
cursor protein (pro-IL-1β) that undergoes partial hydrolysis by a proteolytic complex, the inflammasome, being 
converted into the mature IL-1β protein which is then secreted30. In agreement with the decrease in IL-1β mRNA 
levels, (S)-(+)-carvone (4) and (R)-(−)-carvone (5) significantly decreased the levels of both pro-IL-1β (Fig. 3b) 
and mature IL-1β secreted into the cell culture medium (Fig. 3c), relative to treatment with LPS alone.

To further characterize the mechanism of action of the carvone enantiomers (4 and 5), we determined 
whether they are also effective when added to the cells after the inflammatory stimulus and the mechanism 
involved, that is, whether they act by modifying NOS2 protein levels and/or its enzyme activity. For this, we 
treated macrophages with LPS for 8 h to induce NOS2 expression and protein synthesis. Then, the cells were 
washed to remove LPS and new medium with the carvone enantiomers (4 and 5) was added to the respective 
wells for 18 h. The results in Fig. 4a show that treatment with either compound decreased NO production by 
approximately 30% while NOS2 protein levels were reduced by approximately 60% (Fig. 4b). This suggests that 
the decrease in NO production is secondary to the decrease in NOS2 protein and not to a direct inhibition of the 
enzyme activity.

To determine whether this decrease was due to inhibition of NOS2 protein synthesis, still occurring after 
removal of LPS, or to induction of its degradation, we evaluated its protein levels 8 h after treatment with LPS. 
The results obtained show that NOS2 protein levels still increased after removal of LPS (Fig. 4c), indicating that 
NOS2 protein synthesis continues even after removal of the inducing stimulus. This indicates that the decrease 
in NO production observed in Fig. 4a is not due to inhibition of NOS2 enzyme activity, but rather to inhibition 
of its synthesis.

(S)-(+)-carvone (4) inhibits inflammatory responses induced by IL-1β in human chondro-
cytes. First, the highest concentrations of (S)-(+)-carvone (4) not toxic to murine macrophages were tested 
in human chondrocytes and found not to affect cell viability relative to cells treated with IL-1β alone (Fig. 5a). At 
the same concentrations, (S)-(+)-carvone (4) significantly decreased IL-1β-induced NOS2 protein levels (Fig. 5b) 
and NO production (Fig. 5c) in human chondrocytes. 5 µM Bay 11-7082 significantly decreased both parameters 

Compound IC50 [µM (µg/mL)] 95% CIa [µM (µg/mL)]

(S)-(+)-carvone (4) 109.7 (16.50) 100.6–119.6 (15.13–17.98)

(R)-(−)-carvone (5) 122.8 (18.46) 113.8–132.7 (17.08–19.95)

(−)-carveol (6) 1997 (304.0) 1731–2303 (263.5–350.6)

(+)-dihydrocarvone (7) 1472 (224.0) 1105–1961 (168.2–298.4)

(+)-dihydrocarveol (8) 532.2 (82.13) 444.2–637.7 (68.54–98.41)

(−)-dihydrocarveol (9) 2141 (330.2) 1851–2475 (285.5–381.8)

(S)-8-hydroxycarvonatacetone (20) 762.0 (116.3) 670.4–866.0 (101.3–133.5)

(R)-8-hydroxycarvonatacetone (21) 841.5 (141.6) 776.0–912.4 (130.5–153.5)

Table 2. IC50 values for the eight compounds found to significantly decrease LPS-induced NO production in 
the Raw 264.7 cell line. aConcentration range within the 95% Confidence Interval (CI) of the IC50 value.

Chemical features

Order of potency

4 >5 >>8* >20 >21 >7* >6* >9* >>13

=CO (C6) + + − + + + − − −

–OH (C6) − − + − − − + + −

=bond at C1 + + − + + − + − −

Michael centre + + − + + − − − +

Michael centre 
sterically hindered No No − No No − − − Yes

Isopropenyl group 
at C4 Yes Yes Yes No No Yes Yes Yes No

Chirality at C4 S R S S R R R R −

Chirality at C1 − − S − − S/R − R S

Chirality at C6 − − S − − − S/R R −

Table 3. Relationship between chemical features and potency of the nine active compounds. +/− denotes 
presence/absence; S/R denotes mixture of diastomers; *denotes the stereochemistry of the most abundant 
isomer in the compound tested. Detailed composition is provided in Supplementary Table S1.
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(Fig. 5b,c), confirming the quality of the model system. Finally, (S)-(+)-carvone (4) also significantly decreased 
pro-IL-1β protein levels in a concentration-dependent manner (Fig. 5d).

Discussion
To the best of our knowledge and among the nine active compounds, (S)-(+)-carvone (4), (+)-dihydrocarvone 
(7), (+)- (8) and (−)-dihydrocarveol (9), (S)-(−)-pulegone (13) and the carvone derivatives (20 and 21), were 
never reported to have anti-inflammatory effects, while carvone, either as the racemic mixture31 or the (R)-
(−) enantiomer (5)3,32,33 and (−)-carveol (6)33, were recently reported to inhibit some effects correlated with 
inflammation.

Among the compounds that showed no activity, the lack of inhibition of LPS-induced NO production by 
the limonene enantiomers (1 and 2), (R)-(+)-pulegone (12), (−)-menthone (14), (−)-menthol (15), β-myrcene 
(16), p-cymene (17), carvacrol (18) and thymol (19) contrasts with other reports that suggest anti-inflammatory 
activity for these compounds34–42. At least in part, these discrepancies can be due to the use of distinct mod-
els, namely cell lines, animal models and endpoints analysed, as well as to different concentrations tested. 
Significant anti-inflammatory effects were recently reported for limonene (racemic mixture, up to 200 μg/mL) 
and β-myrcene (up to 50 μg/mL) in human chondrocytes37, as well as in the Raw 264.7 cell line41,42, but at con-
centrations much higher than those used in the current study. These discrepancies can be due in part to the use 
of distinct methods to assess cell viability, namely the lactate dehydrogenase (LDH) release assay, based on the 
integrity of the plasma membrane43, used in the studies by Kim et al. (2013) and Yoon et al. (2010), versus the 
resazurin or the MTT reduction assays dependent on the integrity and activity of mitochondria44, used in our 
studies. Nonetheless, since cytotoxicity to human chondrocytes and murine macrophages was evaluated by sim-
ilar methods, the much lower cytotoxic concentrations observed in mouse macrophages indicate that these cells 
are more sensitive to cytotoxicity induced by those monoterpenes, suggesting that their effects are species and/or 

Figure 2. (S)-(+)-carvone (4) and (R)-(−)-carvone (5) decrease LPS-induced Nos2 mRNA (a) and protein 
(b) levels in the Raw 264.7 cell line. Macrophage cultures were treated with 1 µg/mL LPS, for 6 h (a) or 18 h (b), 
following pre-treatment for 1 h with 666 µM of each test compound (a) or with the concentrations indicated in 
(b). As a positive control, the cells were similarly treated with the selective NF-κB inhibitor, Bay 11-7082, 5 μM. 
Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of LPS. Each column represents 
the mean ± SEM of four independent experiments. The blots shown are representative of, at least, three 
independent experiments and are cropped for clarity and conciseness. The corresponding full-length blots are 
presented in Fig. S3. **p < 0.01, ***p < 0.001 and ****p < 0.0001 relative to LPS-treated cells. ##p < 0.01 relative 
to the Ctrl. §p < 0.05, §§§p < 0.001 and §§§§p < 0.0001 between the conditions indicated. MW: molecular weight 
marker.
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cell type-specific, which further highlights the importance of standardized side-by-side comparisons of different 
compounds.

Having performed such a standardized comparison, some chemical features were identified as relevant for 
activity and potency (Table 3). Among those, the presence of a functional oxygenated group at C6 appears as the 
major determinant for activity while the conjugation of the carbonyl group at that position with the α,β double 
bond at C1, present in the carvone enantiomers (4 and 5) and their derivatives (20 and 21), was found to further 
increase potency. Such a conjugation provides a Michael acceptor site, that is, an electrophilic site due to the pres-
ence of an electron-withdrawing group in close proximity to a double bond, which is a chemical feature relevant 
for interaction with biomolecules, namely proteins45,46, and thus likely relevant for interaction of these molecules 
with their target. However, the pulegone enantiomers (12 and 13) which have no or little activity, also have an α,β 
double bond conjugated to a carbonyl group, but involving the carbonyl group at C3 and the double bond of the 
isopropylidene group at C4. In this case, the proximity of the methyl group at C10 to the carbonyl group at C3 
can cause a sterical hindrance impairing the interaction with the molecular target46 and thus impeding activity.

The lower potency of the carvone derivatives (20 and 21) relative to the parent compounds (4 and 5) can 
only be due to the replacement of the isopropenyl at C4 by a 2-hydroxyisopropanyl group. The presence of the 

Figure 3. (S)-(+)-carvone (4) and (R)-(−)-carvone (5) decrease LPS-induced IL-1β mRNA (a) and protein 
(b,c) levels in the Raw 264.7 cell line. Macrophage cultures were treated with 1 µg/mL LPS, for 6 h (a) or 18 h 
(b,c), following pre-treatment for 1 h with 666 µM of each test compound (a and c) or with the concentrations 
indicated in (b). Control cells (Ctrl) were treated with vehicle (0.1% DMSO) in the absence of LPS. Each column 
represents the mean ± SEM of, at least, three independent experiments. The blots shown are representative of, at 
least, three independent experiments and are cropped for clarity and conciseness. The corresponding full-length 
blots are presented in Fig. S3. *p < 0.05, **p < 0.01 and ****p < 0.0001 relative to LPS-treated cells. ##p < 0.01, 
###p < 0.001 and ####p < 0.0001 relative to the Ctrl. §p < 0.05 between the conditions indicated. MW: molecular 
weight marker.
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hydroxyl group can provide an additional hydrogen binding site, thus creating a new site for chemical interac-
tions that may negatively impact anti-inflammatory activity. Furthermore, this hydroxyl group also increases the 
volume of the molecule at that region which can hinder access to the pharmacological target and thus decrease 
the activity of those compounds. Replacement of the isopropenyl group at C4 can also explain why these two 
compounds are less potent than the third most potent compound, (+)-dihydrocarveol (8), which despite bearing 
a hydroxyl group at C6, retains the isopropenyl group at C4.

Another relevant feature for activity must be chirality as, otherwise, all the enantiomer pairs tested should 
have similar activities which is not the case. Moreover, 3 of the active compounds (6-8) have additional chiral 
centres at C1 and/or C6. Interestingly, the order of potency of the nine active compounds is closely related to the 
S configuration of the chiral atom at C4, although other chemical features, namely the presence of a functional 
oxygenated group at C6, the double bond at C1 and the isopropenyl group at C4, seem more relevant (Table 3). 
Since the S or R configurations significantly affect the 3D conformation of a molecule, the S conformation at C4 
by conferring some planarity to that region of the molecules is likely relevant for access to and interaction with 
the target.

Figure 4. Effects of (S)-(+)-carvone (4) and (R)-(−)-carvone (5) on NO production and NOS2 protein levels 
pre-induced by treatment with LPS. In panels (a,b), macrophage cultures were treated with 1 μg/mL LPS, for 
8 h to induce NOS2 expression. Then, the medium was changed to remove LPS and the cells were treated for 
another 18 h with 666 µM of each test compound or the vehicle (0.1% DMSO). Controls were set up by leaving 
the cells untreated for 8 h followed by addition of vehicle for 18 h. In panel c, cells were pre-treated with LPS or 
left untreated for 8 h and immediately processed for protein extraction or treated with or without LPS for 8 h 
and then further incubated with vehicle for another 18 h. Each column represents the mean ± SEM of, at least, 
three independent experiments. The blots shown are representative of, at least, three independent experiments 
and are cropped for clarity and conciseness. The corresponding full-length blots are presented in Fig. S3. 
***p < 0.001 and ****p < 0.0001 relative to LPS, 8 h + vehicle, 18 h. ###p < 0.001 and ####p < 0.0001 relative to 
untreated cells, 8 h + DMSO, 18 h. Φp < 0.05 relative to LPS, 8 h. N/A: not applicable.
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Finally, we tested four monoterpenes (Fig. 1b) unrelated to the limonene synthase pathway, but presenting 
various degrees of rigidity to elucidate the relevance of this feature for activity. None of these four compounds 
showed activity, including carvacrol (18) even though it bears a hydroxyl group at C6. Unlike the nine active 
compounds, including those bearing a hydroxyl group at the same position (6, 8 and 9), the cyclohexane ring in 

Figure 5. (S)-(+)-carvone (4) does not affect cell viability (a) and decreases IL-1β-induced NOS2 protein 
levels (b) and NO production (c) as well as pro-IL-1β protein levels (d) in human chondrocytes. The cells were 
treated with 10 ng/mL IL-1β for 24 h (a, b, c and d), following pre-treatment for 1 h with 666 or 1331 µM of 
(S)-(+)-carvone (4). As a positive control, the cells were similarly treated with 5 μM Bay 11-7082 (b and c). 
Control cells (Ctrl) were treated with the vehicle (0.1% DMSO) in the absence of IL-1β. Each column represents 
the mean ± SEM of, at least, three independent experiments. The blots shown are representative of, at least, 
three independent experiments and are cropped for clarity and conciseness. The blots shown in Fig. 5b were 
vertically sliced before the last condition (Bay 11-7082) to exclude a condition not relevant for the present 
study. The corresponding full-length blots are presented in Fig. S3. ***p < 0.001 and ****p < 0.0001 relative to 
IL-1β-treated cells. ##p < 0.01, ###p < 0.001 and ####p < 0.0001 relative to the Ctrl. §§§p < 0.001 and §§§§p < 0.0001 
between the conditions indicated.
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carvacrol (18) is aromatic suggesting that its rigidity impairs the interaction with the target, leading to almost 
no activity. Likewise, thymol (19) which differs from carvacrol only in the position of the hydroxyl group, and 
p-cymene (17) which has no functional groups, also showed no activity. On the other hand, β-myrcene (16), an 
aliphatic compound representing a flexible structure, also showed no activity, suggesting that too flexible (16) or 
too rigid (17, 18 and 19) structures are unfavourable for activity.

In summary, the results obtained indicate that higher potency is conferred by 1) the carbonyl group at C6, 
rather than the hydroxyl group, 2) the presence of a Michael centre resulting from the conjugation of an α,β 
double bond at C1 to a carbonyl group at C6, 3) an isopropenyl group at C4 or, at least, the absence of hydrogen 
binding sites and bulky groups at that position, and 4) the S configuration, especially at C4. These findings can be 
useful to predict the anti-inflammatory activity of distinct mint species and their chemotypes once their compo-
sition in limonene-derived monoterpenes is known.

As found for inhibition of NO production, the two most potent compounds found, the carvone enanti-
omers, also significantly decreased the mRNA and protein levels of NOS2 (Figs. 2 and 4) and IL-1β (Fig. 3), 
further strengthening their anti-inflammatory activity and suggesting that they act at the transcriptional or 
pre-transcriptional levels. Moreover, (S)-(+)-carvone (4) was found to have similar anti-inflammatory effects 
in human chondrocytes. This indicates that (S)-(+)-carvone (4) is not only effective in inhibiting LPS-induced 
inflammatory responses in macrophages, but also efficiently inhibits the responses induced by a distinct inflam-
matory and catabolic stimulus in a different cell type. The anti-inflammatory effects of (S)-(+)-carvone (4) in 
human chondrocytes are especially relevant because inflammatory cytokines, like IL-1β, drive joint destruc-
tion by inducing the expression of catabolic enzymes47 and also contribute to OA pain48, namely by inducing 
the expression of nerve growth factor by synovial macrophages49. Moreover, unlike other monoterpenes, e.g. 
limonene, (S)-(+)-carvone (4) is effective as an anti-inflammatory agent both in macrophages and human chon-
drocytes at similar concentrations. Given the relevance of both cell types and the inflammatory stimuli used to 
OA pathophysiology23,47, (S)-(+)-carvone (4) may be efficient in halting joint destruction in OA and also con-
tribute to reduce pain. Future studies will aim at further elucidating its mechanism of action and evaluating its 
anti-osteoarthritic properties in vivo.

Methods
Test compounds. Test compounds 1–17 and 19 were from Sigma-Aldrich Co. (St Louis, MO, USA). Thymol 
(18) was from British Drug Houses. Compounds 20 and 21 were synthesized at our laboratory, as described 
below. Details about purity and isomer composition are provided in Supplementary Table S1.

Chemical synthesis of compounds 20 and 21. The synthetic procedure was adapted from Buechi and 
Wueest (1979).

Synthesis of (S)-5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-one [(S)-8-hydroxycarvotanacetone, 
20]. 1 mL of 50% aqueous sulphuric acid was slowly added to 150 mg (1 mmol) of (S)-(+)-carvone (4) at 0 °C. 
The mixture was stirred for 24 h at 0 °C. After extraction with 2 mL of hexane-ether (3:1), the aqueous layer was 
extracted with diethyl ether (6 × 2 mL) for 24 h. The ether solution was washed with brine containing sodium 
bicarbonate, dried over anhydrous sodium sulphate and evaporated under reduced pressure. The remaining 
aqueous layer was extracted with ethyl acetate (3 × 2 mL) for 12 h. The organic phases were washed with brine 
containing sodium bicarbonate, dried over anhydrous sodium sulphate and evaporated under reduced pressure. 
The combined crude extract was purified by flash chromatography (hexane: ethyl acetate 1:1) to give compound 
20 (80 mg, 48% yield) as a viscous liquid. Purity (GC-MS): 99.7%. 1H NMR (400 MHz, CDCl3) δ: 6.77 (m, 1 H), 
2.64-2.42 (m, 1 H), 2.28-2.21 (m, 1 H), 2.28-2.21 (m, 2 H), 1.78 (s, 3 H), 1.24 (s, 3 H), 1.23 (s, 3 H). 13C NMR 
(101 MHz, CDCl3) δ: 200.35 (C=O), 145.15 (CH), 135.24 (CH), 71.64 (C-OH), 46.05 (CH), 39.61 (CH2), 27.31 
(CH3), 27.25(CH2), 27.02(CH3), 15.61(CH3). IR (ATR) cm-1: 3424, 2973, 2925, 2891, 1656, 1381, 1367, 1143, 1111, 
1059, 928, 903,813, 711, 678. MS m/z: 28.1, 43.0, 59.1, 95.0, 110.1, 135.1, 150.1, 168.1.

Synthesis of (R)-5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-one [(R)-8-hydroxycarvotanacetone, 
21]. Compound 21 was synthesized as described for compound 20 using as starting material (R)-(−)-carvone 
(5). The combined crude was purified by flash chromatography (hexane: ethyl acetate 1:1) to give compound 
21 (78 mg, 48% yield) as a viscous liquid. Purity (GC-MS): 99.5%. 1H NMR (400 MHz, CDCl3) δ: 6.77 (m, 1 H), 
2.64-2.42 (m, 1 H), 2.28-2.21 (m, 1 H), 2.28-2.21 (m, 2 H), 1.78 (s, 3 H), 1.24 (s, 3 H), 1.23 (s, 3 H). 13C NMR 
(101 MHz, CDCl3) δ: 200.35 (C=O), 145.15 (CH), 135.24 (CH), 71.64 (C-OH), 46.05 (CH), 39.61 (CH2), 27.31 
(CH3), 27.25(CH2), 27.02(CH3), 15.61(CH3). IR (ATR) cm-1: 3424, 2973, 2925, 2891, 1656, 1381, 1367, 1143, 1111, 
1059, 928, 903,813, 711, 678. MS m/z: 28.1, 43.0, 59.1, 95.0, 110.1, 135.1, 150.1, 168.1.

Cell culture and treatment. Macrophages. The mouse macrophage cell line, Raw 264.7 (ATCC No. TIB-
71), was cultured in DMEM supplemented with 10% non-heat inactivated foetal bovine serum (FBS), 100 U/mL 
penicillin and 100 µg/mL streptomycin. Raw 264.7 cells were plated at a density of 3 × 105 cells/mL and left to 
stabilize for up to 24 h.

Human chondrocytes. Human knee cartilage was collected within 24 h of death from the distal femoral con-
dyles of multi-organ donors (48–77 years old, mean = 65, n = 7) at the Bone and Tissue Bank of the University 
and Hospital Centre of Coimbra (CHUC). Only waste tissue resulting from the preparation of bone tissue for 
cryopreservation was used. All procedures were approved by the Ethics Committee of CHUC (protocol approval 
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number 8654/DC), which follows the Declaration of Helsinki and Oviedo Convention and the Portuguese legis-
lation for organ donation.

Chondrocytes were isolated by enzymatic digestion from cartilage samples as previously described3. Briefly, 
cartilage shavings underwent sequential digestion with Pronase (Roche, Indianapolis, IN, USA) and collagenase 
A (Roche, Indianapolis, IN, USA). To avoid chondrocyte dedifferentiation, non-proliferating monolayer cultures 
were setup by plating 1× 106 chondrocytes/mL in HAM: F12 medium containing 3% antibiotics and 5% FBS and 
allowed to recover for 24 h at 37 °C in a humidified atmosphere with 5% CO2. Prior to any treatments, chondro-
cytes were serum-starved overnight and thereafter maintained in culture medium without FBS.

Cell treatments. Test compounds and Bay 11-7082 (Calbiochem, San Diego, CA, USA), used as a pharmaco-
logical control, were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich Co) so that its final concentra-
tion in the culture medium did not exceed 0.1% (v/v). This vehicle was used as control. Lipopolysaccharides 
from Escherichia coli 026:B6 (LPS; Sigma-Aldrich Co.) were dissolved in phosphate buffered saline (PBS). 
Recombinant human interleukin-1β (IL-1β; Peprotech, Rocky Hill, NJ, USA) was dissolved in PBS containing 
0.1% Bovine Serum Albumin. Test compounds or the vehicle were added to macrophage cell cultures or human 
chondrocytes 1 h before the pro-inflammatory stimulus, 1 µg/mL LPS or 10 ng/mL IL-1β respectively, and main-
tained for the rest of the experimental period, except for experiments in Fig. 4 (details in the Results section and 
figure legend). The concentrations of each compound and the experimental treatment periods are indicated in 
figure legends.

Selection of non-cytotoxic concentrations by the resazurin reduction assay. Resazurin is a redox 
dye used as an indicator of cellular metabolic activity for various applications, namely cell viability, proliferation 
and toxicity. The assay is based on the intracellular reduction of the non-fluorescent resazurin to resorufin (a flu-
orescent and pink coloured compound) by mitochondrial or microsomal enzymes that use NADH or NADPH as 
electron sources. Since only metabolically active cells can reduce the dye, the increase in fluorescence or absorb-
ance is directly proportional to the number of viable cells26,50.

To select non-cytotoxic concentrations of the test compounds, the resazurin solution was added to each well 
to a final concentration of 50 µM, 90 min before the end of the treatment period indicated in the figure legends. 
Then, absorbances at 570 nm and 620 nm (reference wavelength) were read in a Biotek Synergy HT plate reader 
(Biotek, Winooski, VT, USA).

Nitric oxide production. NO production was measured as the amount of nitrite accumulated in the culture 
supernatants using the Griess reaction which is based in the reaction of nitrite with sulfanilamide under acidic 
conditions, yielding a diazonium ion that couples to N-(1-napthtyl)ethylenediamine dihydrochloride to form 
a water-soluble red-violet azo dye that absorbs at 550 nm51. Briefly, equal volumes of culture supernatants and 
reagents [equal volumes of 1% (w/v) sulphanilamide in 5% (v/v) phosphoric acid and 0.1% (w/v) N-(1-napthtyl)
ethylenediamine dihydrochloride] were mixed and incubated for 10 min, at room temperature, in the dark. The 
concentration of nitrite accumulated in the culture supernatants was calculated by interpolation of the absorb-
ance of each sample, read in Biotek Synergy HT plate reader (Biotek), in a standard curve of sodium nitrite.

Total RNA extraction and quantitative real-time PCR (qRT-PCR). Total RNA extraction and 
qRT-PCR were performed as described before52. Briefly, total RNA was extracted using the NZYol (NZYTECH, 
Lisbon, Portugal) and quantified in a NanoDrop ND-1000 spectrophotometer at 260 nm. RNA purity was 
assessed by analysis of 260/230 and 260/280 absorption ratios. The cDNA was reverse-transcribed using NZY 
First Strand cDNA Synthesis Kit (NZYTECH), beginning with 2 µg of total RNA. qRT-PCR was performed, in 
duplicate for each sample, using NZYSpeedy qPCR Green Master Mix (2×) (NZYTECH) on CFX96 Real-Time 
PCR Detection System (Bio-Rad, Hercules, CA, USA).

The efficiency of the amplification reaction for each gene was calculated using a standard curve of a series of 
diluted cDNA samples and the specificity of the amplification products was assessed by analysing the melting 
curve generated in the process.

Gene expression changes were analysed using the built-in CFX Manager software which enables the analysis 
of the results by the Pfaffl method, a variation of the ΔΔCT method corrected for gene-specific efficiencies53. The 
results were normalized using Hprt1 as housekeeping gene. This gene was experimentally determined with Genex 
software using NormFinder and geNorm algorithms (MultiD Analyses AB, Göteberg, Sweden) as the most stable 
for the treatment conditions used. Specific sets of primers for Nos2, Il1b and Hprt1 (Table 4) were designed using 
Beacon Designer software version 8 (Premier Biosoft International, Palo Alto, CA, USA).

Western blotting. Total cell extracts were prepared and western blot was performed as described before54. 
Briefly, total (25 µg for Raw 264.7 cell line and 20 µg for human chondrocytes) proteins were separated by 
SDS-PAGE under reducing conditions and electrotransferred onto PVDF membranes. These were probed over-
night at 4 °C or for 2 h at room temperature with rabbit polyclonal antibody against IL-1β (dilution 1:500; sc-7884, 
Santa Cruz Biotechnology, INC., Texas, USA) or mouse monoclonal antibody NOS2 (dilution 1:500; MAB9502, 
R&D Systems, Minneapolis, MN, USA) and then with anti-rabbit or anti-mouse alkaline phosphatase-conjugated 
secondary antibodies (dilution 1:20000; GE Healthcare, Chalfont St. Giles, UK) for 1 h at room temperature. 
Immune complexes were detected with Enhanced ChemiFluorescence reagent (GE Healthcare) in the imag-
ing system Thyphoon FLA 9000 (GE Healthcare). The membranes were reprobed with a mouse monoclonal 
anti-β-Tubulin I antibody (Sigma-Aldrich Co.), diluted at 1:20000, as a loading control, for 1 h at room tempera-
ture. Image analysis was performed with TotalLab TL120 software (Nonlinear Dynamics Ltd).
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Measurement of secreted IL-1β. The concentration of IL-1β in the culture supernatants was measured 
using the Mouse IL-1β ELISA kit (ThermoScientific, Rockford, USA), following the manufacturer’s instructions.

Statistical Analysis. Results are presented as means ± SEM. Statistical analysis using GraphPad Prism ver-
sion 6.0 (GraphPad Software, San Diego, CA, USA). Normal distribution of the data was evaluated with the 
D’Agostino & Pearson omnibus, the Shapiro-Wilk and the Kolmogorov-Smirnov tests. In cases where the number 
of samples is too small, we assumed the data follow a normal distribution, as this was verified in all cases where 
the sample number was larger, including analysis of the same analyte under different experimental treatments. 
Statistical analysis was performed by one-way ANOVA with the Dunnett post-test for comparison to a control 
group and the Tukey post-test for multiple comparisons, except in Fig. 4c where the unpaired t-test was used 
to compare a specific condition with its respective control. Results were considered statistically significant at 
p < 0.05.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.
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