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Organic extracts of six urine samples from children treated with nitisinone, a medicine against 
tyrosinemia type I, were investigated by 1H and 19F NMR spectroscopy. The presence of un-
changed 2-[2-nitro-4-(trifluoromethyl)benzoyl]cyclohexane-1,3-dione (NTBC), 6-hydroxy-2-[2-ni-
tro-4-(trifluoromethyl)benzoyl]cyclohexane-1,3-dione (NTBC-OH) and 2-nitro-4-trifluoromethyl-
benzoic acid (NTFA) as well as a few other unidentified compounds containing CF3 group was 

documented.
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INTRODUCTION

Several compounds belonging to the 2-acyl-
cyclohexane-1,3-dione family have been found to 
be very efficient herbicides (Secor, 1994; Mitchell et 
al., 2001). They are presently in use to prevent the 
growth of a wide range of broad-leaved and grass 
weeds in maize. Extensive studies have shown that 
the mode of action of those herbicides is the inhi-
bition of (4-hydroxyphenyl)pyruvate dioxygenase 
(HPPD), the enzyme which catalyzes the conversion 
of (4-hydroxyphenyl)pyruvate to homogentisate. 
In plants this step is essential for the synthesis of 
plastoquinone and α-tocopherol. In animals, analo-
gous HPPD-catalyzed transformation takes part in 
tyrosine catabolism, the final products of which are 
fumarate and acetoacetate excreted in urine. One of 
the hereditary diseases caused by the malfunction of 

fumarylacetone hydroxylase (FAH), the enzyme ac-
tive at the last step of the tyrosine catabolism path-
way, is tyrosinemia type I (Russo et al., 2001). This 
defect results in the accumulation of abnormal prod-
ucts of tyrosine degradation which severely damage 
patients’ liver and kidneys. It has been shown that 
several triketone herbicides inhibiting HPPD, an en-
zyme active at a tyrosine catabolism step prior to 
that catalyzed by FAH, preclude the formation of the 
poisonous compounds. One of those triketones, 2-
[2-nitro-4-(trifluoromethyl)benzoyl]cyclohexane-1,3- 
dione (NTBC), has appeared to be an excellent life-
saving medicine against tyrosinemia type I (Linstedt 
& Holme, 1992; Pronicka et al., 1996; Lock et al., 1998; 
Holme & Linstedt, 1998). One can find some works 
on modeling the NTBC–HPPD interaction (Kavana 
& Moran, 2003; Brownlee et al., 2004; Neidig et al., 
2005), but to our knowledge there is no informa-
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tion about the NTBC transformation in the human 
organism. Thus, in this study we decided to check 
if it would be possible to identify NTBC and/or its 
metabolites using NMR spectroscopy in urine of pa-
tients cured with this medicine. One may expect that 
19F NMR will be useful in such an investigation, as 
NTBC possesses a rather stable CF3 group and the 
natural content of fluorine in the human body flu-
ids is negligibly small. Moreover  we established ex-
perimentally that nitisinone contains no other fluo-
rine possessing compounds  than NTBC and that the 
procedure used  for the separation of NTBC and its 
putative metabolites from  urine (see Materials and 
Methods) applied to water solution of nitisinone 
does not  cause NTBC degradation.

MATERIALS AND METHODS

All investigated urine samples, collected at 
The Children’s Memorial Health Institute, Warszawa, 
were of 24 h collections. Their volumes varied be-
tween 250 ml and 900 ml. Each sample was acidi-
fied with 2 M hydrochloric acid (pH about 2) and 
thoroughly extracted with methylene chloride (6 × 
80 ml). After drying (MgSO4) and solvent evapora-
tion (rotary evaporator, diminished pressure, 30°C) 
the residue was dissolved in CDCl3. NMR spectra of 
the solution were measured using a Varian VNMRS 
spectrometer operating at 11.7 T. 

NTBC-OH was prepared by four-step synthe-
sis starting from 1,2,4-benzenetriol. Details of this 
synthesis as well as NMR and HRMS parameters of 
NTBC-OH and intermediate compounds are given 
in Supplementary Materials (www.actabp.pl).

RESULTS AND DISCUSSION

The chemical structures of the compounds 
under investigation and their carbon atom num-
bering are shown below. It has been established 
(Szczeciński et al., 2007) that for NTBC (X = H) the 
tautomeric form presented prevails overwhelmingly. 
The structure of the main NTBC-OH tautomer (X = 
OH) was assumed arbitrarily. 

In our pilot investigations urine samples 
from two patients (girl and boy) affected by tyro-
sinemia type I and cured with NTBC were investi-
gated. NMR spectra of organic extracts were taken 
using a spectrometer operating at 200 MHz for pro-
tons. For both samples two signals of arene-bound 
CF3 groups were observed in 19F NMR spectra (δ 
= –63.46 and –63.47 p.p.m.). One of these fluorine-
containing compounds was then separated in a tiny 
amount from both combined samples using prepara-
tive TLC (Silicagel, acetone as eluent). On the basis 
of its 1D 1H NMR and 2D 1H-1H correlated spectra 
one may suspect this compound to be 6-hydroxy-2-
[2-nitro-4-(trifluoromethyl)benzoyl]cyclohexane-1,3-
dione (NTBC-OH). However, not all of the expected 
signals in 1D 13C NMR and 2D HSQC spectra were 
identified because of the small amount of the investi-
gated compound available. Therefore we decided to 
undertake further investigations which would defi-
nitely disclose the identity of the both compounds 
giving the mentioned fluorine signals. Six new, 24-
hour-collected urine samples were obtained. Their 
descriptions are given in Table 1. Patients 1, 2, 3, 4, 
and 6 were treated with 0.72 mg and patient 5 with 
1 mg of NTBC per 1 kg of body mass per day. All 
urine samples were treated as described in Materials 
and Methods and 1H and 19F NMR spectra of CDCl3 
solutions of the extracted mixtures were obtained 
using a spectrometer operating at 500 MHz for pro-
tons. Similarly as in the preliminary investigations 
the two most intensive CF3 signals were observed in 
the fluorine spectra of all the samples. In each case 
the signal at –63.47 p.p.m. was more intensive and 
the relative intensity of the signal at –63.46 p.p.m. 
was about 40% of the former. Apart from those two, 
several other signals were observed in the spectra. 
Their intensities varied among the samples. The data 
for some of the more intensive signals are collected 
in Table 2. Out of those additional signals the pres-
ence of two at –63.72 p.p.m. (sample 2) and –63.69 
p.p.m. (sample 5) should be noticed because of their 
significant intensities. 

The phenyl ring of NTBC is substituted with 
three electron-withdrawing groups. For this reason 
the aromatic protons, and especially proton H3’, are 
strongly deshielded. The signal of proton H3’ (δ = 8.48 

Table 1. Characteristics of investigated urine samples

Sample  
number

Patient’s 
sex

Patient’s age 
(years)

Sample vol-
ume (ml)

1 boy 5 700
2 boy 5 400
3 boy 9 900
4 girl 12 900
5 girl 3 250
6 girl 7 900
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p.p.m.), because of its spin-spin interactions with 
the other ring protons as well as with the CF3 fluo-
rine atoms, has the characteristic form of a broad-
ened pseudo-singlet. It is observed in the spectrum 
region in which only few, if any, weak signals of 
other compounds extracted from urine are present. 
Therefore one may expect that the fluorine-contain-
ing NTBC metabolites should give similar signals in 
this region. Indeed, it was possible to find proton 
H3’ signals corresponding to all the most intensive 
fluorine ones. Their chemical shifts and intensities 
are collected in Table 2. It is worth noticing that the 
relative intensities measured from the proton spectra 
are in qualitative agreement with those found from 
the fluorine spectra. 

The chemical shift differences between metab-
olite signals are small and the proton and fluorine 
chemical shift values for particular NTBC metabo-
lites differ a little from sample to sample because of 
the different concentrations and compositions of the 

investigated solutions. Therefore the identification of 
a metabolite by comparing its signal position in the 
spectrum of the investigated sample with the signal 
position in the spectrum of a pure model compound 
could be misleading. Thus, we decided to base the 
metabolite identification on a comparison of the 
spectrum of the original sample with that obtained 
after the addition of the substance the presence of 
which was suspected (sample spiked with an inter-
nal standard). Three such compounds were taken 
into consideration: 2-nitro-4-trifluoromethylben-
zoic acid (NTFA), NTBC, and NTBC-OH. NTFA is 
commercially available. NTBC and NTBC-OH were 
prepared as described in Supplementary Materials 
(www.actabp.pl). 

The 1H and 19F NMR measurements of ap-
propriate mixtures of urine extracts with the model 
compounds were performed. Addition of any of the 
model compounds did not cause a new signal to ap-
pear, but changed the relative intensities of those 

Table 2. Chemical shiftsa and relative intensities of fluorine (CF3) and proton (H3’) NMR signals observed in investi-
gated urine samples.

For proton spectra residual signal of CHCl3 (δ = 7.26 p.p.m.) and for fluorine spectra signal of CCl3F (δ = 0 p.p.m.) were 
used as chemical shift reference

Sample

Metabolite
Unknown Unknowna NTBC NTBC–OHb NTFA Unknown
δF
–63.25

δH3’
8.45

δF
–63.45

δF
–63.46

δH3’
8.48

δF
–63.47

δH3’
8.51

δF
–63.69

δH3’
8.15

δF
–63.72

δH3’
8.33

1 1 4 4 39 47 100 100 – 2 3 –
2 5 4 – 60 52 100 100 34 29 119 111
3 13 18 5 35 42 100 100 3 2 3 4
4 2 3 – 47 43 100 100 – – – –
5 1 3 4 36 33 100 100 85 95 11 8
6 trace 3 – c 35 c 100 trace – – –

aProton H3’ signal for this metabolite was not identified. bIntensities of CF3 and H3’ for NTBC-OH were arbitrarily assumed as 100. cSig-
nals not resolved because of line broadening.

Figure 1. Proton H3’ and fluorine CF3 NMR spectra of urine sample 2 before (A) and after (B) NTFA addition.
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observed in the original sample. An example of such 
an experiment is illustrated in Fig. 1. The spectra 
presented there concern sample 2 before and after 
addition of NTFA. Although the signal positions at  
–63.69 p.p.m. (CF3) and 8.15 p.p.m. (H3’) moved a lit-
tle after addition of the acid, the experiment proved 
that those signals originated from NTFA. Such a 
procedure allowed ascribing the CF3 and H3’ signals 
observed in the spectra of the investigated samples 
to the appropriate metabolites. On the basis of their 
signal intensities the relative concentrations of the 
identified metabolites could be estimated (Table 2). 
We could definitely ascertain the presence of NTBC-
OH and NTBC in all the investigated samples. The 
concentrations of both those compounds in relation 
to the other observed fluorine-containing compounds 
are high and that for NTBC-OH is the highest in all 
but one (sample 2) samples. An elevated concentra-
tion of NTFA was found in samples 2 and 5. 

Our finding concerning the transformation of 
NTBC into NTBC-OH and NTFA is in agreement 
with the studies on the metabolism of benzoylcy-
clohexanediones in plants which have revealed two 
routes of that process: hydroxylation at position 4 
of the cyclohexanedione and hydrolytic cleavage of 
the benzoyl group (Mitchell et al., 2001). It is also 
worth noting that compounds analogous to NTBC-
OH, usually with an aliphatic acyl group, have been 

found in plants and other organisms (Zaitsev et al., 
1994; Cheng et al., 2003). NMR spectra of sample 2 
indicate the presence of another NTBC metabolite 
whose relative concentration is even higher than that 
of NTBC-OH. Attempts to identify this compound 
are under way. Another unidentified metabolite is 
present, in a small amount, in sample 3.

In the next step we checked whether it is pos-
sible to confirm the presence of NTBC metabolites 
directly in unprocessed urine samples. For three 
such samples 19F NMR spectra were measured. In 
all the cases, just after 2-h accumulation of FID sig-
nal, two signals originating from NTBC and NTBC-
OH could be observed with the signal-to-noise ratio 
high enough for their reliable integration. Adding a 
known amount of a standard compound, preferably 
containing CF3 group, one may determine the abso-
lute concentration of the investigated metabolites. In 
our opinion, the information obtained in this way 
could be very useful for the control of NTBC thera-
py, for example for medicine dose optimization.

Acknowledgements

This work was financially supported by the 
State Committee for Scientific Research (grant no. 
1295/T09/2005/29)



REFERENCES 

Brownlee JM, Johnson-Winters K, Harrison DHT, Moran GR (2004) Structure of the ferrous form of (4-
hydroxyphenyl)pyruvate dioxygenase from Streptomyces avermitilis in complex with the therapeutic herbicide, NTBC. 
Biochemistry 43: 6370-6377.MEDLINE 

Cheng M-J, Lee SJ, Chang Y-Y, Wu S-H, Tsai I-L, Jayaprakasam B, Chen I-S (2003) Chemical and cytotoxic constituents 
from Peperomia sui. Phytochemistry 63: 603-608.MEDLINE 

Holme E, Lindstedt S (1998) Tyrosinaemia type I and NTBC (2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-
cyclohexanedione). J Inherit Metab Dis 21: 507-517. MEDLINE 

Kavana M, Moran GR (2003) Interaction of (4-hydroxyphenyl)pyruvate dioxygenase with the specific inhibitor 2-[2-nitro-
4-(trifluoromethyl)benzoyl]-1,3-cyclohexanedione. Biochemistry 42: 10238-10245.MEDLINE 

Linstedt S, Holme E (1992) Treatment of hereditary tyrosinemia type 1 by inhibition of 4-hydroxyphenylpyruvate 
dioxygenase. Lancet 340: 813-817. MEDLINE 

Lock EA, Ellis MK, Gaskin P, Robinson M, Auton TR, Provan WM, Smith LL, Prisbylla MP, Mutter LC, Lee DL (1998) 
From toxicological problem to therapeutic use: The discovery of the mode action of 2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3-cyclohexanedione (NTBC), its toxicology and development as a drug. J Inherit Metab Dis 21: 498-506.MEDLINE 

Mitchell G, Bartlett DW, Fraser TEM, Hawkes TR, Holt DC, Townson JK, Wichert RA (2001) Mesotrione: a new 
selective herbicide for use in maize. Pest Manag Sci 57: 120-128.MEDLINE 

Montes NA, Burger U (1996) The cyanide catalyzed isomerisation of enol esters derived from cyclic 1,3-diketones. 
Tetrahedron Lett 37: 1007-1010. 

Neidig ML, Decker A, Kavana M, Moran GR, Solomon EI (2005) Spectroscopic and computational studies of NTBC 
bound to the non-heme iron enzyme (4-hydroxyphenyl)pyruvate dioxygenase: Active site contributions to drug inhibition. 
Biochem Biophys Res Commun 338: 206-214.MEDLINE 

Pronicka E, Rowinska E, Zawadzki J, Holme E, Linstedt S (1996) Treatment of two children with hereditary tyrosinaemia 
type I and long-standing renal disease with a 4-hydroxyphenylpyruvate dioxygenase inhibitor (NTBC). J Inherit Metab Dis 
19: 234-238.MEDLINE 

Russo PA, Mitchell GA, Tanguay RM (2001) Tyrosinemia: A review. Pediatr Dev Pathol 4: 212-221.MEDLINE 

Secor J (1994) Inhibition of barnyardgrass 4-hydroxyphenylpyruvate dioxygenase by sulcotrione. Plant Physiol 106: 1429-
1433.MEDLINE 

Szczecinski P, Gryff-Keller A, Molchanov S (2007) 1H NMR, 13C NMR, and computational DFT studies of the structure 
of 2-acylcyclohexane-1,3-diones and their alkali metal salts In solution. J Org Chem 71: 4636-4641.MEDLINE 

Zaitsev VG, Polozov GI, Lakhvich FA (1994) Synthesis of 2-acyl-4-hydroxycyclohexane-1,3-diones, Kairomones and 
defensive compounds of some insects. Tetrahedron 50: 6377-6386. 

Zaitsev VG, Sachava DG, Yankovskaya GS, Garbuz NI (2000) Synthesis of the rac-6-hydroxy-3-methoxycyclohex-2-
enone and resolution through recrystallization of its diastereomeric N-tosyl-(S)-proline esters. Chirality 12: 287-
290.MEDLINE 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Biochemistry[jour]+AND+43[volume]+AND+6370[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Phytochemistry[jour]+AND+63[volume]+AND+603[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=J+Inherit+Metab+Dis[jour]+AND+21[volume]+AND+507[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Biochemistry[jour]+AND+42[volume]+AND+10238[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Lancet[jour]+AND+340[volume]+AND+813[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=J+Inherit+Metab+Dis[jour]+AND+21[volume]+AND+498[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Pest+Manag+Sci[jour]+AND+57[volume]+AND+120[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Biochem+Biophys+Res+Commun[jour]+AND+338[volume]+AND+206[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=J+Inherit+Metab+Dis[jour]+AND+19[volume]+AND+234[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Pediatr+Dev+Pathol[jour]+AND+4[volume]+AND+212[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Plant+Physiol[jour]+AND+106[volume]+AND+1429[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=J+Org+Chem[jour]+AND+71[volume]+AND+4636[page]
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?filters=&orig_db=PubMed&cmd=Search&term=Chirality[jour]+AND+12[volume]+AND+287[page]

	Title
	Authors
	Abstract
	e-mail
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	Figure 1.
	Table 1.
	Table 2.

	REFERENCES
	B-P
	L-Z


