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pH-dependent structural characteristics of
lonidamine: *H and *C NMR study+
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Lonidamine (LND) is an anti-cancer drug with great potential as a metabolic modulator of chemotherapy,
radiotherapy, hyperthermia, and photodynamic therapy in cancer treatment. LND affects several important
aspects of cancer cell metabolism: it inhibits Complex | and Il of the electron transport chain (ETC) and
pyruvate carriers (mitochondrial), and monocarboxylate transporters in the plasma membrane of the cell.

Cancer cells are affected by changes in pH on the molecular level, and so are the drugs used to treat

cancer, thus it is important to understand how pH affects their structures and LND is no exception. LND

dissolves at a pH of 8.3 in tris-glycine buffer but has limited solubility at pH 7. To understand how pH
affects the structure of LND, and its effect as a metabolic modulator on cancer therapy, we made up
samples of LND at pH 2, pH 7, and pH 13, and analyzed these samples using *H and *C NMR. We looked
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for ionization sites to explain the behavior of LND in solution. Our results showed considerable chemical

shifts between the extremes of our experimental pH range. LND was ionized at its indazole a-nitrogen,
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1. Introduction

Lonidamine (LND), 1-(2,4-dichlorobenzyl)-1H-indazole-3-
carboxylic acid, was first tested as a potential anti-
spermatogenic agent in the late 1970s.* LND showed success in
this capacity but was ultimately found to have more interesting
effects in modifying aspects of cellular metabolism. LND was
initially found to inhibit glycolysis through the inhibition of the
glycolytic enzyme hexokinase 2, though the role of LND in this
inhibition was disputed by several studies that suggested that
LND did this indirectly."® There was also evidence that LND
inhibited the pentose phosphate pathway, as it caused a notable
decrease in cellular NADPH levels that coincided with a decrease
in the level of the antioxidant glutathione, which requires NADPH
for proper biosynthesis." More importantly, LND inhibited
oxidative phosphorylation, found later to occur through the
inhibition of Complex I and Complex II of the electron transport
chain (ETC), by inhibition of succinate-reductase activity."* After
the discovery of these properties, more studies were conducted to
elucidate the mechanism by which LND affects its targets.
Further research into LND showed that the agent inhibited the
action of the mitochondrial pyruvate carrier (MPC), which trans-
ports pyruvate into the mitochondrial matrix for further oxidation
into acetyl-CoA, and blocked the export of lactate out of the cell
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however, we did not directly observe the protonation of the carboxyl group oxygen that is expected at
pH 2, which may be the result of a chemical-exchange phenomenon.

through the inhibition of monocarboxylate transporters (MCTs) in
the cell's plasma membrane.*® LND was found to be most active
on the MPC (ICs of 2.5 pM), followed by MCTs 1, 2 and 4 (ICs, of
36-40 uM), and on Complex I and II of the ETC (ICs, of 150 pM).*
These effects downregulate the TCA cycle, cause intracellular
acidification, and block the action of the ETC.! Glycolytic enzyme
and pentose phosphate pathway inhibition could be explained as
consequences of the effects of LND on its three primary targets.
Because cancer cells prefer the glycolytic pathway to fulfill their
energetic needs, known as the Warburg effect, cancer cells will
generally use more glucose and produce more lactate than normal
cells. Cancer cells under LND-induced MCT inhibition will not be
able to get rid of their excess lactate and will experience detri-
mental and selective intracellular acidification that can be
combined with other therapeutic agents to enhance the treatment
of malignant neoplasms.**%’

To effectively use LND in therapy it is important to under-
stand how the agent is affected by the pH of its microenviron-
ment. Thus, it is important to examine the chemical structure of
LND and how it changes with changes in the pH. The pH-related
physicochemical effects on LND were determined by means of
'H and "*C NMR spectroscopy.

2. Experimental
2.1 Materials used

Santa Cruz Biotechnology, based in Santa Cruz, California, USA,
supplied our research group with LND. The LND sample was
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prepared by dissolving it in deuterated DMSO (dimethyl sulf-
oxide-de) to a concentration of 50 mM. For the pH titrations,
1 M NaOH and 1 M HCI solutions were added, and a pH probe
that was calibrated for aqueous solutions was used to measure
the effective pH. A sample of 500 puL of deuterated DMSO-
dissolved LND was added to =30 pL of aqueous solutions to
titrate LND solutions. Then, a standard NMR tube with a 5 mm
0.D. and 0.5 ml of this solution was used.

2.2 Methods

On a vertical bore Varian spectrometer at 400 MHz and with
temperature maintained at 25 °C by the temperature controller,
'H and C NMR experiments were carried out. The 7.11 ppm
chemical shift, this corresponds with the 6-carbon proton in the
dichlorobenzyl group and provides the reference point for 'H
spectra. The 40.6 ppm chemical shift, which corresponds to the
DMSO reference point, was used for >C spectra for the same
reason. To acquire H NMR spectra, the following standard
measurement parameters were used: TR (repetition time) = 8.5
seconds, N (number of acquisitions) = 256, SW (spectral width) =
6400 Hz and PW (pulse width) = 9 us (56° flip angle). To acquire
BC NMR spectra, the following measurement parameters were
applied: TR = 1.5 seconds, N = 1024, SW = 24.5 kHz and PW =
6.2 ps (45° flip angle). Fourier Transform and phasing resources in
NMR utility transform software (NUTS) and MestreNova were used
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to analyze the free induction decay (FID) files. The ChemNMR tool
in ChemDraw was used to obtain the anticipated spectra.

3. Results

'H and "*C NMR uncovered that there were significant changes
in confirmation of LND from acidic pH to basic pH. The 'H
NMR shows the most noteworthy changes in shifts between pH
7 and pH 13 at position “E” and “H” (Shown Fig. 1).

Additionally, the "*C NMR spectrum exhibits the greatest
chemical shift change between pH 7 and pH 13 at carbon “N”
(Fig. 2).

This chemical shift changed by —22.43 ppm (Table 1). In
addition, 'H and **C NMR indicate that the chemical shifts seen
for LND from neutral to acidic pH change only slightly (Fig. 1
and 2). Compared to the larger changes in chemical shift that
were observed between pH 2 and pH 13, all changes in chemical
shift between pH 2 and pH 7 were relatively minor (Table 1).

These chemical shifts underwent changes of —0.99 ppm and
0.29 ppm, respectively (Table 1).

4. Discussion

The main focus of our laboratory and our work is to determine
noninvasive biomarkers utilizing NMR imaging techniques.
Our main goal in doing these pH spectroscopic studies was to
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Fig. 1 Lonidamine (LND) *H NMR spectra at acidic, neutral, and basic pH. The chemical shift of the proton at position C was predicted to be
independent of LND-induced pH shifts, so this shift was chosen as a reference for comparison. The inclusion and labeling of LND structures
served to identify atoms and demonstrate changes in chemical shifts. Protons E and H showed the greatest chemical shifts between neutral and
basic pH, with no significant differences in chemical shifts between acidic and neutral pH. The chemical shift and the proximity of these protons
to the indazole nitrogen suggests deprotonation of the indazole nitrogen.
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Table1 Chemical shifts for 'H and *C NMR spectra at pH 2, 7, and 13.
Chemical shifts at pH 2 and 13 were compared to shifts at pH 7. Atoms
at positions E and H of *H spectra and at position N of :3C spectra were
of interest. These atoms are closest to the indazole nitrogen, which
should be deprotonated at pH 13. Our data suggest that this
assumption is accurate

1) 6 - 0(pH 7)
pH 2 pH7 pH 13 ID pH 2 pH7 pH13
pH7 B 131.7123.2 DMS( 1y
135.9 £
D N 1217 OTE T 5.86 5.91 598 D 0.06 —0.06
ﬂ L T 114097 NgB 1201 711 7.11 711 C 0.00 0.00
B ) /\w c133.6 7.42 7.44 7.45 B 0.02 —0.01
7.55 7.59 8.58 E 0.03 —-0.99
7.69 7.75 7.79 A 0.06 —0.05
7.69 7.75 7.77 F 0.06 —0.02
7.82 7.86 7.61 G 0.04 0.25
H 8.16 8.20 7.91 H 0.04 0.29
pH 13 13021275
1406 E— . PMS( 13
109.2 47{?8 iy 130.5
S AR B e 39.52 39.52 39.52  DMSO 0 0
SN S 50.109 49.834 47983 G —0.275 1.851
N
K 9 110.834 110.603 133.03 N —0.231 —22.427
| 123'71251923':5‘ 121.891 121.675 109.221 I —0.216 12.454
) 123.303 123.095 120.94 L —0.208 2.155
123.563 123.206 127.538 D —0.357 —4.332
” . " 127.479 127.13 123.659 K —0.349 3.471
175 150 125 100 75 50 25 128.014 127.791 123.31 M —0.223 4.481
PPM 129.366  129.114 128.809 B —0.252 0.305
. . . " . 131.611 131.187 130.183 E —0.424 1.004
Fig.2 Lonidamine (LND) **C NMR spectra at acidic, neutral, and basic
. 13 133.26 133.141 126.089 ] —0.119 7.052
pH. The chosen reference shift for the ~“C spectra was that of
. ; 133.758 133.401 130.483 C —0.357 2.918
deuterated DMSO (39.52 ppm), which was independent of LND-
. . 133.907 133.55 133.944 A —0.357 —0.394
induced pH changes. Structures of LND were included and labeled to
. . ) 136.032 135.868 140.55 F —0.164 —4.682
designate atoms and show chemical shifts changes. The greatest
chemical shift between neutral and basic pH was shown at carbon N, 41-152 140.936 ~ 144.488 = H —0.216 —3.552
P ' 163.586 163.281 165.866 O —0.305 —2.585

which is close to the indazole nitrogen, with no significant differences
in chemical shifts between acidic and neutral pH at this position.

determine the spectral characteristics of LND at varied pH.
Although it is highly unlikely that we will be able to directly
determine the changes observed in the LND spectral charac-
teristics noninvasively (in vivo), to attempt do so, we first must
determine what those characteristics are. To the best of our
knowledge the structural determination of LND by NMR has
never been done before.

In aqueous solution, the solubility of LND dramatically
decreases as the pH is lowered from 8.3 to 7.0. We hypothesize
that this change in solubility results from protonation of the
indazole o-nitrogen of LND to produce a zwitterion, which
rapidly crystallizes. Our results support this hypothesis. In
particular, the atoms which are closest to our proposed depro-
tonation site show the greatest change in chemical shift
between pH 7 (neutral) and pH 13 (alkaline). Our '"H NMR
demonstrates that the molecular environment changes most
around protons “E” and “H”, while our "*C NMR demonstrates
that the molecular environment changes most around carbon
“N”. These two observations indicate that a substantial change
must be occurring in the indazole ring of LND from neutral to
alkaline pH. The proposed deprotonation of the o-nitrogen

© 2023 The Author(s). Published by the Royal Society of Chemistry

would produce changes consistent with what we observed. The
second pole of the proposed zwitterion, the carboxyl group, was
not directly observed. This may be because there is rapid
exchange occurring with the proton in the carboxylic acid,
which would make the lifetime of the fully protonated form of
LND so short that NMR cannot detect it.

When addressing concerns about bioavailability of lipophilic
reagents, aqueous solubility plays a major role in the pharma-
codynamics of the substance regarding therapeutic effect.
Sufficient concentrations of the reagent must reach the target.
Details of the interactions of the compound of interest in the
microenvironment related to the target become critical.
Changes in pH could greatly influence the dynamic between the
compound being evaluated and the site of action. It is our
impression that the acute sites of action for the effects of LND
have been determined (MCT; MPC, Complex I & Complex II -
ubiquinone reductase)."***° What has not been determined
with certainty is the selectivity that has been observed for LND
effects of tumor compared to normal tissue. Due to its physical
properties, LND, like other lipophilic agents, is transported to
its site of action by association to lipophilic sites in the blood
matrix. It is interesting to speculate how pH might play a role in
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the differential effects seen between tumor and normal tissues.
We have performed studies using *'P MRS in mouse skeletal
muscle, brain, and liver demonstrating the differential effects of
LND.?

Due to the Warburg effect, cancer cells exhibit increased
levels of glycolysis resulting in increased production of lactic
acid that leads to the corresponding acidification of the extra-
cellular microenvironment of a tumor. This can hinder the
function of immune cells, promote cancer cell migration, tissue
invasion, metastasis, and upregulate cancerous stem cell
phenotypes.'® Additionally, to maintain their increased intra-
cellular energy levels, cancer cells have been shown to upregu-
late mechanisms that increase their intracellular pH to keep it
neutral or alkaline.’®™ LND is more soluble at alkaline pH,
suggesting that LND has specificity to the alkaline intracellular
microenvironment of cancer cells, where it will exhibit its
greatest effects in combination with other therapeutic agents as
demonstrated in other studies.*® In addition, Coss, et al. have
demonstrated greater levels of effect of LND in acid conditioned
cells.”

Our results in this study provide context to past studies of
LND and serve to elaborate on the role of pH in future studies of
LND. Further speculation about the nature of the tumor acid
gradient and how the confirmational pH-dependent structural
changes affect LND bioavailability and LND variations in action
in the acute phase of treatment seems reasonable. The mech-
anism for this selectivity should be further tested in both in vitro
and in vivo studies using LND. Additionally, the exploration of
the lack of deprotonation of the carboxylic proton at acidic pH
should also be considered in the future.

5. Conclusions

Deprotonation of the LND indazole ring nitrogen occurred at an
alkaline pH. This deprotonation confirms the need for careful
consideration of the pH of the chemical environment when
LND is used as a metabolic modulator of cancer cell therapy in
future studies.
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