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Abstract

This study examined twenty-eight N-methylimidazolium ionic liquids (ILs) with various substituents
and anions to assess their impact on the activity of Carnitine Acetyltransferase (CAT), an
indispensable enzyme in human metabolism. In vitro experiments demonstrated that these
compounds inhibited CAT in a concentration-dependent manner, with ICso values ranging from 0.93
to 30.8 mM. Structural analysis of the ILs revealed the following structure-activity relationships: 7)
the length of the hydrocarbon chain at N3 markedly affects CAT activity, with longer chains resulting
in stronger inhibition; ii) the degree of unsaturation and the presence of polar groups are not essential
for increased activity; iii) the effect of the anion aligns with the Hofmeister series. One of the most
potent compounds, 1-decyl-3-methylimidazolium bromide [Ci10Ciim]Br, was identified as a mixed
inhibitor of CAT with a Ki of 0.77 mM. These findings raise concerns about the biocompatibility of
commonly used imidazolium ILs, as they may interfere with fatty acid oxidation by inhibiting their
cellular transport.

Keywords: ionic liquids; fatty acids oxidation; biocompatibility; carnitine acetyltransferase;
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1. Introduction

Ionic liquids (ILs) are unusual salts characterized by low melting temperature (< 100 °C) and
negligible vapor pressure [1]. ILs have garnered significant attention from both industry and
academia over the past two decades. They are valued for their adjustable properties, such as density,
viscosity, polarity, miscibility with other liquids, to name a few [2,3]. This versatility enables the
tuning of specific properties by choosing particular pairs of ions, which classifies ILs as “designer
solvents” [4,5]. Furthermore, due to their low vapor pressure, non-flammability, minimal volatility,
non-explosiveness, and high thermal stability, ILs are considered environmentally friendly
substitutes for organic solvents, making them suitable media for extraction processes [6-17], and
various chemical and biochemical reactions [9,18-21]. ILs are also utilized as catalysts [22-25],
electrolytes in batteries [26], stationary phases in chromatography [27], in waste material recycling
[28,29], and in the pharmaceutical industry, either due to their own activity [30-33] or to improve the
solubility and bioavailability of different drugs [34-36]. Multiple studies also confirm that ILs can act
as stabilizing agents for enzymes such as lipase (E.C.3.1.1.3) [37,38], laccase (E.C. 1.10.3.2) [37],
esterase [39], and others [40].

However, the increasing interest and use of ILs also bring questions about their short- and long-
term toxicity [41,42]. Many studies have already raised environmental concerns by showing that ILs
can harm various organisms, including bacteria [43], fungi [44], plants [45], aquatic species [46—49],
and others [50,51]. Additionally, the lipophilicity of the ILs" cation and anion is strongly linked to
their toxicity, affecting enzymatic activity [52-54], membrane permeability, and causing cytotoxic
effects [55,56]. Beyond a fundamental perspective, such studies are crucial because high stability, low
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volatility, and limited biodegradability can lead to the accumulation of ILs in certain ecosystems and,
consequently, their inclusion into food chains. In this way, ILs could also enter living organisms, and
any knowledge about their actions would help prevent a potential global-scale problem. Conversely,
establishing activity for ILs, combined with proven low toxicity, would facilitate the development of
new drug products [32].

Carnitine acyltransferases (CTs) are essential enzymes involved in bioenergetic processes in
human and animal cells [57]. They play a key role in regulating fatty acid oxidation by catalyzing the
reversible transfer of acid residues between L-carnitine and CoA molecules [58,59]. Additionally, CTs
influence amino acid breakdown and mitochondrial energy production by managing the acetyl-CoA
generated during amino acid degradation, thus preventing mitochondrial dysfunction [57]. Given
their critical role in maintaining metabolic health and the connection between abnormal CTs’ activity
and disorders like obesity, insulin resistance, and mitochondrial diseases, investigating how ILs affect
these enzymes is valuable. To our knowledge, no such studies have been conducted yet. Based on the
general structure of ILs shown in Figure 1, it’s plausible to view them as “destructured” betaines
similar to L-carnitine—one of the natural CAT substrates, with fragments that could interact
effectively with the specific amino acids at the active site of CTs, potentially acting as inhibitors.
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Figure 1. The three tunnels for binding L-carnitine, CoA, and the acyl group in the active site of CTs’
representative—carnitine decyltransferase, and the position of decyl-L-carnitine in it—left; structure of two of
the studied ILs—right. ILs can be considered as “destructured” betaines, which depending on the substituents

in the cation, could interact with CTs, both at the L-carnitine and the fatty acid binding site.

To validate this hypothesis and develop structure-activity relationships (SAR), we conducted an
in vitro study on twenty-eight N-methylimidazolium-based ILs using Carnitine Acetyltransferase
(CAT) as a model enzyme. CAT is responsible for transporting short-chain fatty acids like acetate and
propionate and is found within mitochondria, endoplasmic reticulum, and cytoplasmic peroxisomes
[60-62]. Notably, because of the structural similarity among the active centers of CTs, insights gained
from one representative can be applied to others [60,63].

2. Materials and Methods

2.1. General

All chemicals and CAT (isolated from pigeon breast muscle, ammonium sulfate suspension,
CAS Number: 9029-90-7) used in this study were purchased from Sigma-Aldrich (FOT, Sofia,
Bulgaria). The organic solvents were of analytical grade and used without further purification.
Twenty-four of the studied ILs (bromides and chlorides) were synthesized and purified by us, as
described elsewhere [64-66], and their structure and purity were confirmed by '"H and *C NMR on a
Bruker Avance III HD spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany, 500 MHz and
126 MHz for 'H and C, respectively) in D20 as a solvent. The NMR spectra are provided as
supplementary materials and described for the individual ILs in the Experimental section. The
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chemical shifts (0) are given in ppm, and | values are reported in Hz. ILs with different anions—
[C4Ciim]SCN, [CiCiim]Ac, [C4Ciim]N(CN)z, and [CisCiim]Tf—were purchased from IoLiTec Ionic
Liquids Technologies GmbH (Heilbronn, Germany) and tested without further purification.
Biological assessment was performed using an ELISA Reader Biotek 800TS (Biotek Instruments, Inc.,
ELTA90, Sofia, Bulgaria).

2.2. NMR Spectra

2.2.1. 1-Ethyl-3-Methylimidazolium Bromide

[C2Ciim]Br: tH-NMR (500 MHz, D20): 6 =7.50 (1H, d, ] = 1.9 Hz, CH), 743 (1H, d, ] = 1.8 Hz,
CH), 4.24 (2H, q, ] = 7.4 Hz, 1-CHy), 3.91 (3H, s, NCH3), 1.52 (3H, t, ] = 7.4 Hz, 2-CHs). 3C-NMR (126
MHz, D20): 6 = 123.38 (CH), 121.81 (CH), 44.74 (CHz, 1-CH2), 35.59 (CHs, NCHs), 14.47 (CHs, 2-CHs).

2.2.2. 1-Butyl-3-Methylimidazolium Bromide

[C4Ciim]Br: 'H-NMR (500 MHz, D:0): 6 = 7.49 (1H, d, ] = 1.9 Hz, CH), 7.44 (1H, d, ] = 1.9 Hz,
CH), 421 (2H, t, ] = 7.2 Hz, 1-CHz), 3.90 (3H, s, NCH3), 1.94-1.81 (2H, m, 2-CHz), 1.39-1.27 (2H, m, 3-
CHa), 0.93 (3H, t, ] = 7.4 Hz, 4-CHs). BC-NMR (126 MHz, D:0): 6 = 123.40 (CH), 122.15 (CH), 49.24
(CH, 1-CHz), 35.60 (CHs, NCHs), 31.23 (CHz), 18.73 (CHz), 12.61 (CHs, 4-CHs).

2.2.3. 1-Hexyl-3-Methylimidazolium Bromide

[CsCrim]Br: 1H-NMR (500 MHz, D:0): 6 = 7.49 (1H, d, ] = 1.8 Hz, CH), 7.44 (1H, d, ] = 1.7 Hz,
CH), 421 (2H, t, ] = 7.1 Hz, 1-CH2), 3.91 (3H, s, NCHs), 1.96-1.72 (2H, m, 2-CHz), 1.40-1.11 (6H, m, 3—
5-CHa), 0.87 (3H, t, ] = 6.9 Hz, 6-CHs). BC-NMR (126 MHz, D:0): 6 = 123.42 (CH), 122.15 (CH), 49.53
(CHz, 1-CHb), 35.60 (CHs, NCH), 30.30 (CHz), 29.12 (CHz), 24.95 (CHz), 21.74 (CHz), 13.20 (CHs, 6-
CH).

2.2.4. 1-Methyl-3-Octylimidazolium Bromide

[CsCiim]Br: 1H-NMR (500 MHz, D:0): 6 = 7.49 (1H, d, ] = 2.0 Hz, CH), 7.45 (1H, d, ] = 2.0 Hz,
CH), 421 (2H, t, ] = 7.1 Hz, 1-CHz), 3.91 (3H, s, NCHs), 1.95-1.79 (2H, m, 2-CHz), 1.40-1.12 (10H, m,
3-7-CHa), 0.87 (3H, t, ] = 7.0 Hz, 8-CHs). ®*C-NMR (126 MHz, D:20): § = 123.43 (CH), 122.16 (CH), 49.54
(CH:, 1-CH?), 35.61 (CHs, NCHs), 30.96 (CHz), 29.14 (CHa), 28.17 (CHz), 27.98 (CHz), 25.27 (CHz), 21.97
(CH_), 13.38 (CHs, 8-CH).

2.2.5. 1-Decyl-3-Methylimidazolium Bromide

[CioCiim]Br: 'H-NMR (500 MHz, D:0): 6 = 7.56 (1H, d, ] = 2.0 Hz, CH), 7.54 (1H, d, ] = 2.0 Hz,
CH), 4.26 (2H, t, ] = 7.3 Hz, 1-CHz), 3.94 (3H, s, NCHs), 1.96-1.83 (2H, m, 2-CHz), 1.43-1.17 (14H, m,
3-9-CHa), 0.84 (3H, t, ] = 6.9 Hz, 10-CHz). BC-NMR (126 MHz, D:0): 6 = 123.64 (CH), 122.16 (CH),
49.53 (CHz, 1-CHb), 35.85 (CHs, NCHs), 31.64 (CHz), 29.65 (CHz), 29.25 (CHz), 29.14 (CHz), 29.03 (CH.),
28.71 (CHa), 25.82 (CHz), 22.39 (CH?), 13.69 (CHs, 10-CH).

2.2.6. 1-Benzyl-3-Methylimidazolium Bromide

[PhCiCiim]Br: 1H-NMR (500 MHz, D:0): § = 7.65-7.29 (7H, m, CH, CH, 3-7-CH), 5.39 (2H, s, 1-
CH>), 3.88 (3H, s, NCH3). ®C-NMR (126 MHz, D:0): & = 133.56 (C, 2-C), 129.31 (CH), 129.26 (CH),
128.57 (CH), 123.72 (CH), 122.21 (CH), 52.78 (CHz, 1-CHz), 35.69 (CHs, NCHa).

2.2.7. 1-Methyl-3-(2-Phenylethyl)-Imidazolium Bromide

[PhC2Ciim]Br: 'H-NMR (500 MHz, D:0): 6 = 7.48-7.15 (7H, m, CH, CH, 4-8-CH), 4.51-4.44 (2H,
t, J=6.6 Hz, 1-CH>), 3.78 (3H, s, NCHz), 3.17 (2H, t, ] = 6.6 Hz, 2-CHy). 3C-NMR (126 MHz, D20): 6 =
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136.82 (C, 3-C), 128.95 (CH), 128.78 (CH), 127.25 (CH), 123.44 (CH), 122.12 (CH), 50.67 (CHz, 1-CHa),
35.58 (CHz, 2-CHz), 35.50 (CHs, NCHi).

2.2.8. 1-Methyl-3-(3-Phenylpropyl)-Imidazolium Bromide

[PhCsCiim]Br: TH-NMR (500 MHz, D-O): 6 = 7.49-7.18 (7H, m, CH, CH, 5-9-CH), 4.20 (2H, t, ] =
6.9 Hz, 1-CHz), 3.81 (3H, s, NCHs), 2.71 (2H, t, | = 7.3 Hz, 3-CHz), 2.24 (2H, p, ] = 7.0 Hz, 2-CHa). 13C-
NMR (126 MHz, D-0): 6 = 140.65 (C, 4-C), 128.67 (CH), 128.44 (CH), 126.32 (CH), 123.41 (CH), 122.04
(CH), 49.05 (CHa, 1-CH2), 35.51 (CHs, NCH), 31.81 (CHz, 2-CHb), 30.17 (CHz, 3-CHa).

2.2.9. 1-(Cyclohexylmethyl)-3-Methylimidazolium Bromide

[cCsCiCrim]Br: 'H-NMR (500 MHz, D:0): 6 = 7.45 (2H, dd, ] = 8.2, 2.0 Hz, CH, CH), 4.05 (2H, d,
] =7.2 Hz, 1-CHz), 3.91 (3H, s, NCH3), 2.07-1.57 (6H, m, CHz, CHz, CHz), 1.34-0.93 (5H, m, CH, CH,
CHz). BC-NMR (126 MHz, D20): 6 = 123.32 (CH), 122.62 (CH), 55.34 (CH>), 37.84 (CH, 2-CH), 35.62
(CH3, NCH3), 29.44 (CHz), 25.59 (CH>), 25.02 (CHo).

2.2.10. 1-(2-Cyclohexylethyl)-3-Methylimidazolium Bromide

[cCsC2Ciim]Br: TH-NMR (500 MHz, D:0): & = 8.73 (1H, s, CH), 7.49 (1H, t, ] = 1.7 Hz, CH), 7.44
(1H, t, ] = 1.6 Hz, CH), 4.24 (2H, t, | = 7.4 Hz, 1-CHz), 3.90 (3H, s, NCH3), 1.78 (2H, dd, ] = 14.6, 7.1 Hz,
2-CHz), 1.75-1.51 (5H, m, CH, CHz, CHz), 1.33-1.10 (4H, m, CHz, CHz), 1.06-0.90 (2H, m, CH). 13C-
NMR (126 MHz, D:0): 6 = 135.75 (CH), 123.44 (CH), 122.21 (CH), 47.45 (CH>), 36.60 (CHa), 35.64 (CHs,
NCH3), 34.01 (CH, 3-CH), 32.26 (CHz), 25.94 (CHa), 25.60 (CHa).

2.1.11. 1-Allyl-3-Methylimidazolium Bromide

[AllylCiim]Br: "H-NMR (500 MHz, D20): 6=7.48 (2H, dd, | =7.7,1.9 Hz, CH, CH), 6.13-6.01 (1H,
m, 2-CH), 5.50-5.34 (2H, m, 1-CH>), 4.83 (2H, dt, ] = 6.1, 1.2 Hz, 3-CH2), 3.92 (3H, s, NCHs). 3C-NMR
(126 MHz, D20): 6 =130.42 (CH), 123.54 (CH), 122.24 (CH), 121.00 (3-CH>), 51.45 (1-CH>), 35.70 (CHs,
NCH).

2.1.12. 1-Isobutyl-3-Methyl-Imidazolium Bromide

[i-C4C1im]Br: 'TH-NMR (500 MHz, D-0): 6 = 7.46 (2H, dd, ] = 12.5, 1.9 Hz, CH ,CH), 4.04 (2H, d, |
= 7.2 Hz, 1-CHz), 3.92 (3H, s, NCHs), 2.21-2.10 (1H, m, 2-CH), 1.04-0.84 (6H, m, 3-CHs, 4-CHs). 13C-
NMR (126 MHz, D:0): 6 = 123.39 (CH), 122.58 (CH), 56.40 (CHz, 1-CH>), 35.66 (CHs, NCHs), 28.85
(CH, 2-CH), 18.53 (CHs, 3-CHs, 4-CH).

2.1.13. 1-Isopentyl-3-Methyl-Imidazolium Bromide

[(-C5Ciim]Br: 'H-NMR (500 MHz, D20): 6 =7.50 (1H, d, ] = 2.0 Hz, CH), 7.45 (1H, d, ] = 1.9 Hz,
CH), 4.28-4.14 (2H, m, 1-CH2), 3.91 (3H, s, CHs), 1.79 (2H, dd, | = 14.8, 7.1 Hz, 2-CH>2), 1.64-1.53 (1H,
m, 3-CH), 0.96 (3H, s, 4-CHs), 0.95 (3H, s, 5-CHs). 3C-NMR (126 MHz, D20): 6 = 123.41 (CH), 122.15
(CH), 47.91 (CH2, 1-CH>), 38.00 (CHz, 2-CH2), 35.63 (CHs, NCH3), 24.68 (CH, 3-CH), 21.34 (CHs, 4-
CHs, 5-CHs).

2.1.14. 1-(3-Hydroxypropyl)-3-Methyl-Imidazolium Bromide

[HOC:Ciim]Br: TH-NMR (500 MHz, D:0): 6 = 8.76 (1H, s, CH), 7.52 (1H, t, ] = 1.8 Hz, CH), 7.46
(1H, t, ] = 1.7 Hz, CH), 4.32 (2H, t, ] = 7.1 Hz, 1-CHz), 3.92 (CHs, NCH3), 3.65 (2H, t, ] = 6.1 Hz, 3-CHz),
2.17-2.09 (2H, m, 2-CHz). 13C NMR (126 MHz, D:0): d = 136.08 (CH), 123.60 (CH), 122.29 (CH), 57.86
(CHz, 3-CHb), 46.44 (CHz, 1-CHa), 35.71 (CHs, NCH3), 31.59 (CHa, 2-CHb).
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2.1.15. 1-(3-Cyanopropyl)-3-Methyl-Imidazolium Bromide

[NCC3Ciim]Br: TH-NMR (500 MHz, D:0): 6 =7.57 (1H, d, ] = 2.0 Hz, CH), 7.51 (1H, d, ] = 2.0 Hz,
CH), 4.39 (2H, t, ] = 7.0 Hz, 1-CH>), 3.94 (3H, s, NCHz), 2.63 (2H, t, ] = 7.0 Hz, 3-CHz), 2.31 (2H, m, 2-
CHz). BC-NMR (126 MHz, D:0): 6 = 123.92 (CH), 122.21 (CH), 120.04 (C, CN), 48.01 (CHz, 1-CHz),
35.78 (CHs, NCHs), 25.07 (3-CHz), 13.75 (2-CHo).

2.1.16. 1-(Methoxymethyl)-3-Methylimidazolium Bromide

[C:OC:1Ciim]Br: 1H-NMR (500 MHz, D:O): § = 8.98 (1H, s, CH), 7.65 (1H, t, ] = 1.8 Hz, CH), 7.55
(1H, t, = 1.7 Hz, CH), 5.57 (2H, s, 1-CHz), 3.97 (3H, s, NCH3), 3.44 (3H, s, 3-CHs). ®*C-NMR (126 MHz,
D:0): 6 = 136.57 (CH), 124.13 (CH), 121.67 (CH), 79.78 (CH>), 56.97 (CH), 35.95 (CHs, NCHs).

2.1.17. 1-(2-Methoxy-2-Oxoethyl)-3-Methylimidazolium Bromide

[C:OC(O)CiCrim]Br: 'H-NMR (500 MHz, D20): 5 = 8.84 (1H, s, CH), 7.55-7.52 (2H, m, CH, CH),
5.21 (2H, s, 1-CHz), 3.97 (3H, s, NCH3), 3.86 (3H, s, OCHz). 3C-NMR (126 MHz, D:0): 5 = 168.68 (C=0),
137.42 (CH), 123.54 (CH), 123.48 (CH), 53.56 (OCHs), 49.76 (CHz), 35.96 (CHs, NCHa).

2.1.18. 1-(3-Methoxy-3-Oxopropyl)-3-Methylimidazolium Bromide

[C1OC(O)C2Ciim]Br:

Isolated as mixture (50:50) with [HCiim]Br

H-NMR (500 MHz, D20): 6 = 8.82 (1H, s, CH), 7.49-7.47 (2H, m, CH, CH), 4.54 (2H, t, ] =6.3 Hz,
1-CH>), 3.93 (3H, s, NCHs), 3.73 (3H, s, OCHs), 3.07 (2H, t, ] = 6.3 Hz, 2-CHz). 3C NMR (126 MHz,
D20): 0 =172.92 (C=0), 134.99 (CH), 123.00 (CH), 119.47 (CH), 52.57 (OCHs), 44.77 (CH>, 1-CH>), 35.54
(CHs, NCHs), 33.99 (CHz, 2-CHo>).

2.1.19 1-(Sec-Butyl)-3-Methylimidazolium Bromide

[sec-CsCaim]Br: TH-NMR (500 MHz, D:20): 6 = 8.79 (1H, s, CH), 7.56 (1H, t, ] = 1.8 Hz, CH), 7.47
(1H, t, J=1.8 Hz, CH), 4.48-4.37 (1H, m, 1-CH), 3.91 (3H, s, NCHzs), 1.96-1.79 (2H, m, 2-CH>), 1.55 (3H,
d, J=6.8 Hz, 1’-CH3), 0.85 (3H, t, ] = 7.4 Hz, 3-CHs). ®C NMR (126 MHz, D20): d = 134.90 (CH), 123.58
(CH), 120.37 (CH), 58.77 (CH, 1-CH), 35.68 (CHs, NCHs), 29.39 (CH>, 2-CH), 19.97 (CHs, 1’-CH3), 9.34
(CHs, 3-CHs).

2.1.20. N-Methylimidazole Hydrobromide

[HCiim]Br: TH-NMR (500 MHz, D-O): 6 = 8.29 (1H, s, CH), 7.32 (1H, t, ] = 1.5 Hz, CH), 7.28 (1H,
t, ] = 1.4 Hz, CH), 3.84 (3H, s, NCHs). 13C NMR (126 MHz, D:0): d = 136.17 (CH), 122.41 (CH), 122.19
(CH), 34.65 (CHs, NCHs).

2.1.21. 1-Butyl-3-Methylimidazolium Chloride

[C4C1im]Cl: 'H NMR (500 MHz, D20): & =8.72 (1H, s, CH), 7.49 (1H, t, ] = 1.7 Hz, CH), 7.44 (1H,
t, ] =1.7 Hz, CH), 420 (2H, t, ] = 7.1 Hz, 1-CH2), 3.90 (3H, s, NCH3), 1.90—1.82 (2H, m, 2-CHz), 1.38—
1.27 (2H, m, 3-CHz), 0.86 (3H, t, ] = 7.0 Hz, 4-CHz). *C NMR (126 MHz, D:O): = 135.81 (CH), 123.44
(CH), 122.18 (CH), 49.25 (CH, 1-CHa), 35.59 (CHs, NCH3), 31.23 (CHz, 2-CHz), 18.71 (CHz, 3-CHa),
12.59 (CHs, 4-CH).

2.2.22. 1-Hexyl-3-Methylimidazolium Chloride

[CsC1im]Cl: 'TH-NMR (500 MHz, D-0): 6 = 8.72 (1H, s, CH), 7.49 (1H, t, ] = 1.8 Hz, CH), 7.4 (1H,
t, ] = 1.8 Hz, CH), 4.20 (2H, t, ] = 7.1 Hz, 1-CHz), 3.90 (3H, s, NCHs), 1.87 (2H, p, ] = 7.2 Hz, 2-CHb),
1.36-1.24 (6H, m, 3-5-CHz), 0.81 (3H, t, ] = 7.0 Hz, 6-CHs). ®C NMR (126 MHz, D20): d = 135.78 (CH),
123.45 (CH), 122.19 (CH), 49.54 (1-CHz), 35.60 (CHs, NCH3), 30.29 (CHz), 29.12 (CHz), 24.94 (CHa),
21.73 (CHz), 13.19 (CH3, 6-CHs).
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2.2.23. 1-Methyl-3-Octylimidazolium Chloride

[CsC1im]Cl: 'TH-NMR (500 MHz, D-0): 6 = 8.74 (1H, s, CH), 7.50 (1H, t, ] = 1.8 Hz, CH), 7.46 (1H,
t, ] = 1.7 Hz, CH), 421 (2H, t, ] = 7.1 Hz, 1-CHz), 3.91 (3H, s, NCH3), 1.93-1.83 (2H, m, 2-CH>), 1.36—
1.20 (10H, m, 3-7-CH), 0.86 (3H, t, ] = 7.0 Hz, 8-CHz). 13C NMR (126 MHz, D:O): d = 135.78 (CH),
123.49 (CH), 122.21 (CH), 49.56 (1-CHz), 35.63 (CHs, NCHs), 30.98 (CHz), 29.17 (CHz), 28.20 (CHa),
28.01 (CHa), 25.29 (CH>), 21.98 (CH2), 13.40 (CHs, 8-CH).

2.2.24. 1-Decyl-3-Methylimidazolium Chloride

[C1Crim]Cl: 'H-NMR (500 MHz, D:0): § = 7.53 (1H, d, ] = 2.0 Hz, CH), 7.52 (1H, d, ] = 2.0 Hz,
CH), 424 (2H, t, ] = 7.2 Hz, 1-CHz), 3.94 (3H, s, NCHs), 1.92-1.83 (2H, m, 2-CHz), 1.36-1.18 (14H, m,
3-9-CHz), 0.84 (3H, t, ] = 6.9 Hz, 10-CHs). 13C NMR (126 MHz, D:0): d = 135.92 (CH), 123.66 (CH),
122.09 (CH), 49.49 (1-CHb>), 35.76 (CHs, NCH), 31.60 (CHz), 29.57 (CH2), 29.20 (CHz), 29.08 (CHz), 28.98
(CHb), 28.65 (CHz), 25.76 (CHz), 22.36 (CHz), 13.67 (CHs, 10-CHs).

2.3. In Vitro Studies

To determine the effect of the synthesized compounds on CAT activity, a modified procedure
for spectrophotometric determination of L-carnitine using Ellman’s reagent [67] was applied. In all
analyses, an enzyme isolated from pigeon breast muscle (Sigma Aldrich) was used in the form of an
ammonium sulfate suspension with an activity of 71 U/mg protein. One unit of enzyme catalyzes the
conversion of 1 umol of L-carnitine and acetyl-CoA into acetylcarnitine and free CoA in 1 min.
Phosphate buffer (0.5 M, pH = 7.6) is used to dilute the enzyme to obtain stock solution with
concentration 24 U/mL.

Ellman’s reagent was prepared immediately before each measurement by dissolving 25 mg
DTNB in 5 mL 1 mM solution of Na2EDTA in phosphate buffer (0.5 M, pH = 7.6), the final
concentration of DTNB in this solution is 12.8 mM. Stock solutions of acetyl-CoA and L-carnitine
were prepared in deionized water with concentration 348.0 uM and 303.4, respectively. An aqueous
solution of tris(hydroxymethyl)aminomethane (TRIS) with pH =7.6 and 1 M concentration was used
as buffer solution. Test compounds were dissolved and diluted with deionized water to the desired
stock concentration. The working volume of the reaction is 300 ul and contains 50 pul of each of the
six components (DTNB, TRIS, acetyl-CoA, CAT, L-carnitine and inhibitor) solutions with
concentrations as described below. In the control samples, the inhibitor solution is replaced with
water. The incubation time for all components without L-carnitine is 5 min at 37 “C. The reaction was
started by adding L-carnitine, and its progress was monitored by reading the change in absorbance
at 405 nm in kinetic mode. The concentrations of the components in the final volume were
respectively: ¢ (DTNB) = 114 uM, c (TRIS) = 100 mM, c (acetyl-CoA) =58 uM, ¢ (CAT) =4 U/mL, c (L-
carnitine) =50.56 uM. The time for reading the results was the first minute after starting the reaction.
Inhibition activity was assessed by calculating the reaction rate during the initial minute, within the
linear range of A/t, utilizing the following formula:

%Inh =100 x ((AA/At)control — (AA/At) Inh)/((AA/At) control).

The half-maximal inhibitory concentration (ICso) was determined by plotting the response (A)
against the concentration (c) of the inhibitor. All analyses were performed in triplicate over three
consecutive days, and the corresponding ICso values were averaged.

To establish the mechanism of inhibition of one of the most active compounds, extensive kinetic
studies were carried out and the obtained data on the initial rate of the reaction, vo, were used to
construct the vo vs. [S] (Michaelis-Menten) and 1/vo vs. [S] (Lainweaver-Burke) relationships. For this
purpose, five solutions with different concentrations of the inhibitor and five solutions with different
concentrations of L-carnitine were prepared. The concentrations of the remaining components in the
final volume were c (DTNB) = 114 uM, c (TRIS) = 100 mM, c (acetyl-CoA) =58 uM and c (CAT) = 4
U/mL, respectively. The time for reading the results is every six seconds for three minutes after the
start of the reaction, which corresponds to the end of the linear interval. The initial velocity vo was
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determined using the method proposed by Baici [68], by calculating the cut-off of the v vs. t (time)
dependence for the linear interval of each of the reactions. The experiments enabled identification of
the inhibition mechanism alongside calculations of Kw, Vi, and Ki. We utilized SigmaPlot version
12.5 (Systat Software Inc. San Jose, CA, USA), which incorporates modules for regression analysis
and various inhibition models.

3. Results and Discussion

To assess how ILs influence CAT activity and explore structure-activity relationships, we tested
twenty-eight ILs divided into three main groups (see Figure 2). Our main focus was on the most
common N-methylimidazolium ion, {{[RCiim]*}, which has different substituents at the N3 position
and various anions. Full names, abbreviations, and ICso values are listed in Table 1. For better
understanding of the following discussion, the ICso values are also presented in Figure 3. The chosen
structural fragments allow us to examine the following factors: i) chain length; ii) saturated vs.
unsaturated residues; iii) aromatic vs. aliphatic residues; iv) nonpolar vs. polar residues; v) branched
vs. normal residues; vi) type of anion (Figure 2).

© S) ©
Br Cl =\ A

R-NGN-cH, R-NGN-cH,

c) NS,

a) b)

Figure 2. General structure of the synthesized ILs based on the imidazolium ion {[RCiim]*} with: a) a variable
substituent at N3 and bromide anion, b) an unbranched carbon chain (C4-C10) at N3 and chloride anion, c) 1-

butyl-3-methylimidazolium cation and a variable anion.

Table 1. Abbreviation, name and ICso values of the ILs studied.

Abbreviation Name I1Cs0, mM
[C2Ciim|Br 1-ethyl-3-methylimidazolium bromide 30.8 +0.62
[C4«Ciim]Br 1-butyl-3-methylimidazolium bromide 18.5+0.51
[CsCiim]Br 1-hexyl-3-methylimidazolium bromide 7.68 +0.06
[CsCiim]Br 1-methyl-3-octylimidazolium bromide 3.33+0.17
[C10Ciim]Br 1-decyl-3-methylimidazolium bromide 1.09 +£0.02

[PhCi1Ciim]Br 1-benzyl-3-methylimidazolium bromide 6.46 +0.20

[PhCoCiim]Br 1-methyl-3-(2-phenylethyl)-imidazolium bromide 5.92+0.26

[PhCsCiim]Br 1-methyl-3-(3-phenylpropyl)-imidazolium bromide 4.77+0.13

[cCsCiCiim]Br 1-(cyclohexylmethyl)-3-methylimidazolium bromide 4.73+0.23

[cCsC2Ciim]Br 1-(2-cyclohexylethyl)-3-methylimidazolium bromide 3.04+0.10

[AllylCiim]Br 1-allyl-3-methylimidazolium bromide 26.1 £0.55

[(-C4C1im]Br 1-isobutyl-3-methyl-imidazolium bromide 17.0+0.44
[(-C5Ciim|Br 1-isopentyl-3-methyl-imidazolium bromide 14.0+0.18
[HOCsCiim]Br 1-(3-hydroxypropyl)-3-methyl-imidazolium bromide 254+1.24
[NCCsCiim]Br 1-(3-cyanopropyl)-3-methyl-imidazolium bromide 20.8+0.45
[C:OC:1Ciim]Br 1-(methoxymethyl)-3-methylimidazolium bromide 24.1+£1.49
[C1OC(O)CiCiim]Br 1-(2-methoxy-2-oxoethyl)-3-methylimidazolium bromide 18.4 +0.42
[COC(O)C2Ciim|Br 1-(3-methoxy-3-oxopropyl)-3-methylimidazolium bromide 18.3+0.29

[sec-CaCiim]Br 1-(sec-butyl)-3-methylimidazolium bromide 17.9+0.24
[HCiim]Br N-methylimidazole hydrobromide 25.1+1.46
[C4Ciim]CI 1-butyl-3-methylimidazolium chloride 19.8 +0.64
[CsCiim]Cl] 1-hexyl-3-methylimidazolium chloride 9.67 + 052
[CsCiim]Cl 1-methyl-3-octylimidazolium chloride 3.89 £ 0.07

[C10Ciim] C1 1-decyl-3-methylimidazolium chloride 0.93 +0.05

[C4Ciim]SCN 1-butyl-3-methylimidazolium thiocyanate 7.02+0.37
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[C4«Ciim]Ac 1-butyl-3-methylimidazolium acetate 26.8 + 0.64
[C4Ciim]N(CN)2 1-butyl-3-methylimidazolium dicyanamide 11.6 +0.28
[CsCrim]TFA 1-butyl-3-methylimidazolium trifluoroacetate 27.2+0.54
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Figure 3. ICs0 values for the ILs studied.

As seen in Figure 3, all studied compounds demonstrate inhibitory activity in the low millimolar
range (ICso = 0.93-30.8 mM), comparable to that of a known betaine CAT inhibitor, Meldonium (ICso
=1.44 mM, Ref. [69]), or its heterocyclic analogs (ICso =2.24—43.6 mM, Ref. [70]). These results support
our initial hypothesis that ILs, due to their unique structure, can effectively interact with CAT, thus
exhibiting inhibitory activity. Within this range, we can classify “conditionally” ILs as: i) strong
inhibitors (ICso < 10 mM), ii) intermediate inhibitors (10 mM < ICso < 20 mM), and iii) weak inhibitors
(ICs0>20 mM). The data clearly show that the most potent ILs are the most hydrophobic, specifically
those with substituents containing six or more carbon atoms. Further analysis of structure-activity
relationships leads to the following general conclusions: i) the length of the hydrocarbon chain
markedly affects CAT activity, with longer chains resulting in stronger inhibition. This is best
demonstrated by the ICso values for n-alkyl bromides, which decrease in the order: [C,Ciim]Br <
[C4Ciim]Br < [C4Ciim]Br < [CsCiim]Br < [C10Ciim]Br, where [C,Ciim]Br has an ICso of 30.8 + 0.6 mM
and [CioCiim]Br 1.09 £ 0.02 mM. A similar trend is observed in the chloride series {{CaCiim]Cl, n =4,
6, 8, 10} and in other ILs with varying methylene groups, such as {{[PhCnC1lim]Br, n = 1, 2, 3} and
{([cCsC1Criim]Br, n = 1, 2)}. A behavior similar to the one described has recently been observed by us
[71] for nonionic heterocyclic inhibitors of CAT, which exhibit a mixed mode of inhibition with a
preference for interacting with the enzyme-substrate complex. Similarly, we can assume that ILs
interact with the hydrophobic pocket in the active site or a nearby hydrophobic region, causing
allosteric inhibition; ii) the degree of unsaturation and the presence of polar groups are not essential
for increased activity. Since the active site of CAT contains aromatic amino acids—histidine (H),
tyrosine (Y), and phenylalanine (F)—adding an aromatic group like a benzene ring to the alkyl chain
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of ILs is expected to promote additional 7-7t interactions between these amino acids and phenyl-
containing ILs {[PhCnCiim]Br, n =1, 2, 3} compared to their aliphatic counterparts {{cCsCnCiim]Br, n
=1, 2}. However, we observed an opposite trend: aliphatic derivatives are nearly twice as active as
aromatic ones, which confirms that the main factor influencing inhibitory activity is hydrophobic
interactions. This somewhat contradicts findings for ILs with polar substituents—such as terminal
hydroxy, cyano, ether, or ester groups—versus nonpolar groups like n-butyl, which all fall within the
higher range of intermediate inhibitors (ICso close to 20 mM). This suggests that while polar
substituents may not inherently contribute to hydrophobicity, their presence in ILs can enable
specific interactions similar to those seen with more hydrophobic ILs [72,73], thus causing similar
inhibitory effects; iii) the effect of the anion on the activity of the studied ILs aligns with the
Hofmeister series. Numerous studies [74-76] have explored how anions influence enzyme stability
and activity, identifying their size and charge as key factors. Small, highly charged ions are known
as kosmotropic (structure-making) because they disrupt hydrogen bonds between water molecules
and form new ones, creating a structured environment and increasing overall polarity. This results
in decreased solubility of non-polar compounds like proteins, thereby stabilizing enzymes.
Conversely, large, monovalent ions disrupt hydrogen bonds without forming a structured network —
these are chaotropic (structure-breacking) ions. They reduce solution order and allow water
molecules to interact directly with enzyme amino acids. Bulky monovalent ions are also less solvated,
enabling direct interactions with protein structures. The Hofmeister series summarizes the
kosmotropic-chaotropic order of ions [77]. We studied six anions—SCN-, DCA-, Br—, Cl-, Ac—, and
TFA~-—as counterions to [C4Ciim]*. The ICso values of these compounds follow the Hofmeister series:
thiocyanate, the most chaotropic, strongly inhibits CAT activity with an ICso of 7.02 mM + 0.37 mM.
Acetate, a weakly kosmotropic ion, shows less inhibition with an ICso of 26.8 + 0.6 mM. While the
position of DCA - in the series isn’t precisely known, it is considered chaotropic [78,79], with an ICso
of 11.6 £ 0.3 mM, more active than halides. Interestingly, TFA - displayed an unusual inhibitory effect,
with an ICso of 27.2 + 0.5 mM, despite being a chaotropic ion [77]. This suggests specific interactions
with the enzyme’s active or other sites, resulting in the lowest activity observed for [C4«Ciim]TFA in
this series.

One of the most active representative of the group—[CioCiim]Br, was further tested and its
mechanism of inhibition was determined as described in the Experimental section. With the highest
inhibitor concentration of 2.2 mM, no reaction was observed, indicating 100% inhibition;
consequently, we excluded these values from subsequent analysis. The numerical results are
summarized in Table 2, while the corresponding Lineweaver—Burk and Michaelis—-Menten kinetic
plots are available in the Supplementary Materials. The compound is mixed-type inhibitor with Ki =
0.77 mM, preferentially interacting with the enzyme (a > 1), Table 2.

Table 2. Coefficient of determination (R?), Akaike Information Criterion (AIC), and standard deviation of the
residuals (Syx) for the different types of enzyme inhibition based on kinetic measurement of CAT activity in the

presence of [C10Ciim]Br.

Type of Inhibition Ki, [mM] a R? AIC Syx
Mixed 0.77 3.00 0.96794 -2782.048 8.425 x 10~
Non-competitive 1.46 1 0.96435 -2776.382 8.823 x 10-?
Competitive 0.40 - 0.95716 -2762.621 9.670 x 10-°
Uncompetitive 0.97 - 0.94465 -2743.398 1.099 x 10-8

4. Conclusions

This study investigates the inhibitory effects of twenty-eight N-methylimidazolium-based ILs
on CAT, a vital enzyme involved in fatty acid metabolism. The results confirm that ILs can serve as
effective CAT inhibitors, with their activity significantly influenced by structural characteristics such
as alkyl chain length, hydrophobicity, and the type of anion. Hydrophobic ILs with extended
hydrocarbon chains demonstrated the strongest inhibitory effects, supporting the hypothesis that
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hydrophobic interactions predominantly contribute to binding at the enzyme’s active site or a nearby
hydrophobic region. Furthermore, the inhibitory potency of ILs adheres to the Hofmeister series, with
chaotropic anions, such as thiocyanate, exhibiting greater inhibitory effects than kosmotropic anions
like acetate. The most potent inhibitor, [CioCiim]Br, exhibited mixed-type inhibition, with a
preference for binding to the enzyme (a > 1) and a Ki value of 0.77 mM.

Because ILs structurally resemble endogenous molecules like carnitine, there’s a potential for
competitive interference with natural metabolic processes. While these findings indicate possible
therapeutic uses for metabolic disorders, the potent inhibitory effects of certain ILs also raise concerns
about unintended impacts on human metabolic pathways. Abnormal CAT activity is associated with
conditions related to mitochondrial dysfunction, so extended exposure to ILs—whether from
environmental build-up or medical use—could threaten health by disrupting vital energy
metabolism. These results highlight the importance of thorough toxicological research to evaluate
both the therapeutic benefits and possible health risks of ILs before advancing to clinical or industrial
applications.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Michaelis-Menten and Lineweaver-Burk plots for different types of inhibition;
1H-, 13C- and DEPT-135 NMR spectra of all compounds described in the script.
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