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Glucuronidation is a common phase |l metabolic process for drugs and xenobiotics which increases their
solubility for excretion. Acyl glucuronides (glucuronides of carboxylic acids) present concerns of toxicity as
they have been implicated in gastrointestinal toxicity and hepatic failure. Despite the substantial success in the
bulk analysis of these species, little is known about their localization in tissues. Herein, we used nanospray
desorption electrospray ionization mass spectrometry imaging (nano-DESI-MSI) to examine the localization of
diclofenac, a widely used nonsteroidal anti-inflammatory drug, and its metabolites in mouse kidney and liver
tissues. Nano-DESI allows for label-free imaging with high spatial resolution and sensitivity without special
sample pretreatment. Using nano-DESI-MSI, ion images for diclofenac and its major metabolites were
produced. MSI data acquired over a broad m/z range showed fairly low signals of the drug and its metabolites.
At least an order of magnitude improvement in the signals was obtained using selected ion monitoring (SIM),
with m/z windows centered around the low-abundance ions of interest. Using nano-DESI MSI in SIM mode,
we observed that diclofenac acyl glucuronide is localized to the inner medulla and hydroxydiclofenac to the
cortex of the kidney. The distributions observed for both metabolites closely match the previously reported
localization of enzymes that process diclofenac into its respective metabolites. The localization of diclofenac
acyl glucuronide to medulla likely indicates that the toxic metabolite is being excreted from the tissue. In
contrast, a uniform distribution of diclofenac, hydroxydiclofenac and the diclofenac acyl glucuronide
metabolite was observed in the liver tissue. Semiquantitative analysis found the metabolite to diclofenac ratios
calculated from nano-DESI in agreement to those calculated from liquid chromatography tandem mass
spectrometry (LC-MS/MS) experiments. Collectively, our results demonstrate nano-DESI-MSI can be
successfully used to image diclofenac and its primary metabolites in dosed liver and kidney tissues from mice

and derive semi-quantitative data from localized tissue regions.
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ABSTRACT

Glucuronidation is a common phase II metabolic process for drugs and xenobiotics which
increases their solubility for excretion. Acyl glucuronides (glucuronides of carboxylic acids)
present concerns of toxicity as they have been implicated in gastrointestinal toxicity and hepatic
failure. Despite the substantial success in the bulk analysis of these species, little is known about
their localization in tissues. Herein, we used nanospray desorption electrospray ionization mass
spectrometry imaging (nano-DESI-MSI) to examine the localization of diclofenac, a widely used
nonsteroidal anti-inflammatory drug, and its metabolites in mouse kidney and liver tissues. Nano-
DESI allows for label-free imaging with high spatial resolution and sensitivity without special
sample pretreatment. Using nano-DESI-MSI, ion images for diclofenac and its major metabolites
were produced. MSI data acquired over a broad m/z range showed fairly low signals of the drug
and its metabolites. At least an order of magnitude improvement in the signals was obtained using
selected ion monitoring (SIM), with m/z windows centered around the low-abundance ions of
interest. Using nano-DESI MSI in SIM mode, we observed that diclofenac acyl glucuronide is
localized to the inner medulla and hydroxydiclofenac to the cortex of the kidney. The distributions
observed for both metabolites closely match the previously reported localization of enzymes that
process diclofenac into its respective metabolites. The localization of diclofenac acyl glucuronide
to medulla likely indicates that the toxic metabolite is being excreted from the tissue. In contrast,
a uniform distribution of diclofenac, hydroxydiclofenac and the diclofenac acyl glucuronide
metabolite was observed in the liver tissue. Semiquantitative analysis found the metabolite to
diclofenac ratios calculated from nano-DESI in agreement to those calculated from liquid
chromatography tandem mass spectrometry (LC-MS/MS) experiments. Collectively, our results
demonstrate nano-DESI-MSI can be successfully used to image diclofenac and its primary
metabolites in dosed liver and kidney tissues from mice and derive semi-quantitative data from
localized tissue regions.



INTRODUCTION

Diclofenac is a nonsteroidal anti-inflammatory drug typically used to treat pain and
inflammation.!® The three major metabolites of diclofenac in both humans and mice are 4’-
hydroxydiclofenac, 5-hydroxydiclofenac, and diclofenac acyl glucuronide.'” Diclofenac is
metabolized by a class of cytochrome P450 enzymes to produce both hydroxydiclofenac
metabolites. The diclofenac acyl glucuronide is produced from the metabolism of diclofenac by a
phase II uridine diphosphate glucuronosyl transferase (UGT) enzyme.>°"'! These bio-
transformations are necessary in order to expedite drug elimination through bile and urine by
increasing their water solubility.!>!3 In humans, a large portion of diclofenac glucuronide is
excreted renally as compared to being excreted through the bile in lab rats.'*!* The quinone-imine
intermediates of the hydroxy metabolites as well as the diclofenac acyl glucuronide have been
linked to hepatotoxicity and gastrointestinal toxicity in humans and rats.>>>7-1116 Diclofenac acyl
glucuronide has a labile ester bond capable of spontaneously rearranging to form iso-glucuronides.
A reactive keto group is exposed when the glucuronic acid ring opens, which can then covalently
bind to proteins. Covalent interactions between acyl glucuronides and proteins is facilitated by
high local concentrations of the metabolite, more alkaline pH of bile, or the protein is abundantly
expressed.'* The reactivity of diclofenac’s metabolites is hypothesized to initiate adverse drug
reactions and toxicological effects.'

Concentrations of diclofenac and its metabolites in mouse, rabbit, and human plasma*!”!® and

mouse, human, urine"”! have been determined by liquid chromatography tandem mass
spectrometry (LC-MS/MS) previously. With LC analysis, the isomeric 4’- and 5-hydroxy
metabolites have been separated.*’ Furthermore, direct infusion followed by electron-induced
dissociation (EID) has recently been used to identify both isomers based on the diagnostic
fragments.’ Glucuronide metabolites have been analyzed using LC-MS/MS and quantified using
the characteristic neutral loss of 176 m/z, corresponding to the loss of the sugar moiety'>,
Although LC-MS/MS enables the identification and quantification of diclofenac and its
metabolites in tissues it cannot be used for examining their localization within the tissue sections.

Quantitative whole-body autoradiography (QWBA) is the standard method for determining the
distribution of drugs in tissues.?'>* However, QWBA requires radio-labeling of the compound of
interest and this technique does not provide molecular information. Therefore, the metabolites or
possible degradation products cannot be distinguished from the precursor compound. If the
radiolabel is lost during the metabolism process, these metabolites cannot be detected.?!"*>?> A
QWBA study was performed to determine the distribution of [*C]diclofenac in rats. The highest
concentration of radio-labelled drug related material after 1 hour was found in the bile, followed
by the esophagus, kidney, and liver which coincided with the typical metabolism route.®

To overcome the limitations of requiring a radiotracer for QWBA, label-free mass spectrometry
imaging (MSI) has been implemented to determine drug and metabolite distributions in
tissues.2">27 MSI is a label-free technique that enables spatial localization of hundreds of
molecules in tissues.?®3! Matrix assisted laser desorption ionization (MALDI) and desorption



electrospray ionization (DESI) are by far the most commonly used ionization techniques in MSI
experiments.?> 273 Both MALDI and DESI have been used extensively for imaging of drugs in
tissue sections.?®**7 However, some drugs including diclofenac have presented a challenge to
MALDI MSI.*® Phase II metabolites, including glucuronides, not observed using MALDI and
DESI were successfully detected using liquid microjunction surface sampling indicating the
potential of ambient ionization techniques based on liquid extraction for the analysis of these
molecules in biological systems.?=%4? In-source fragmentation of glucuronides resulting from the
cleavage of the glucuronide moiety presents another challenge to their detection using MSI.2%4!

We have developed nanospray desorption electrospray ionization*” (nano-DESI), a sensitive
ambient ionization technique for MSL.** Similar to DESI, this is a soft ionization technique that
does not require sample pretreatment. In nano-DESI, the sample is probed using a liquid bridge
formed between two capillaries and the extracted molecules are transferred to a mass spectrometer
for analysis.*** The solvent supplied is typically 9:1 MeOH/H20 but can be changed in order to
increase extraction efficiency.*> Furthermore, quantitative imaging has been demonstrated by
adding internal standards to the solvent.*®*” A spatial resolution of ~10 um can be achieved using
pulled capillaries.**° Nano-DESI has been used for quantitation of nicotine*® and small molecule
neurotransmitters.’! Quantification is accomplished by adding appropriate internal standards to the
working solvent and does not require any additional sample preparation. Quantitation of lipids can
also be achieved in a shotgun-like manner.*’ Herein, we explore the capabilities of nano-DESI
MSI for quantitative imaging of diclofenac and its metabolites in both kidney and liver tissues of
dosed mice. Our results provide first insights into the localization of the drug and its metabolites
in these tissues, which is of interest to understanding if accumulation or distribution of the drug or
metabolites can be further linked to its toxicity.

EXPERIMENTAL SECTION

Chemicals. Diclofenac was purchased from Sigma (St. Louis, MO). Diclofenac-d4 (Cayman
Chemical, Ann Arbor, MI) and arachidonic acid-d8 (Sigma) were used as internal standards for
negative mode nano-DESI MSI experiments. Diclofenac acyl-B-D-glucuronide, 4’-hydroxy
diclofenac, and 5-hydroxy diclofenac (Cayman Chemicals, Ann Arbor, MI) were used for
ionization efficiency and suppression experiments. HPLC grade methanol and water for nano-
DESI analysis and HPLC grade water and acetonitrile with 0.1% formic acid for LC analysis were
purchased from Fisher Scientific (Hampton, NH).

Tissue Collection and Handling. Female C57BL/6 mice were orally dosed with 15 mg/kg of
diclofenac. Diclofenac dosage solution was prepared by dissolving 2 mg/mL of diclofenac in
water. Mice were sacrificed after 30 minutes by CO:z asphyxiation. All animal experiments were
performed according to the institutional guidelines of Merck & Co., Inc., Kenilworth, NJ, USA.
Liver and kidney were snap frozen in hexane/dry ice bath and stored in a -80 °C freezer. Tissues
were sectioned (thickness = 12 pm) using a Leica CM3050 S cryostat (Leica Biosystems, Buffalo



Grove, IL). Sections were thaw-mounted onto glass slides for the imaging experiments, shipped
on dry ice, and stored in a -80 °C freezer until the analysis.

LC-MS/MS. Stock solutions of diclofenac, hydroxydiclofenac, and diclofenac acyl glucuronide
were diluted with 50/50 (v/v) ACN/H20 with 0.1% formic acid to create calibration standards
ranging from 5 uM to 1 nM (Table S1). Diclofenac-d4 (50 nM) was used as an internal standard
for quantitation and added to each tissue section before extraction. Liver and kidney tissue sections
(mass of sections in Table 1) of C57/B6 mice were extracted in a 2.0 mL Protein LoBind Tube
(Eppendorf, Hamburg, Germany) using 50/50 (v/v) ACN/H20 with 0.1% formic acid and 100X
Halt protease & phosphatase inhibitor (Thermo Scientific, Waltham, MA). The ratio of tissue to
extraction solution was 1:10 w/v (e.g. 1 mg tissue to 10 pL extraction solution). The tissue and
extraction solution mixture were sonicated in a water bath at 37°C for 30 minutes followed by
centrifugation (10,000 RPM for 10 minutes at 4°C). The supernatant was transferred to a clean
vial to be analyzed via LC-MS/MS.

LC-MS/MS analyses were conducted using a Transcend LX2 UPLC (Thermo Fisher Scientific,
Waltham, MA) system coupled to a QTRAP tandem mass spectrometer (Sciex, Framingham,
MA). Ions were produced using electrospray ionization (ESI) on the QTRAP operated in positive
mode. The chromatographic separation was achieved using an HSS T3 (2.1 x 50 mm, 2.5 um)
column (Waters, Milford, MA). The mobile phases consisted of 0.1% formic acid in water (mobile
phase A) and 0.1% formic acid in methanol (mobile phase B). Gradient elution was as follows: 0-
0.25 min 95% A, 5% B; 0.25-1.75 min linear gradient to 5% A, 95% B; 1.75-2.25 min 5% A,
95% B; 2.25-2.5 min equilibrate with 95% A, 5% B and then hold for 0.5 min at 95% A, 5% B.
In each experiment, 5 pL of a sample was injected at a flow rate of 0.75 mL/min. The multiple
reaction monitoring (MRM) transitions for diclofenac, hydroxy metabolite, diclofenac acyl
glucuronide metabolite, and diclofenac-d4 (internal standard) are listed in Table S2.

Nano-DESI Imaging. A custom nano-DESI source* with shear force feedback® was interfaced
to a Q-Exactive HF-X MS (Thermo Fisher Scientific, Waltham, MA). The nano-DESI probe is
comprised of two 150 um OD x 50 pm ID fused silica capillaries. The primary capillary delivers
the extraction solvent (9:1 MeOH/H20) to the sample and a secondary capillary transfers the
extracted molecules to the MS inlet. A third capillary is used as the shear force probe that maintains
a constant distance between the nano-DESI probe and the sample.*® The shear force capillary (800
pum OD x 200 um ID) is pulled to a 20 pm OD tip using a P-2000 micropipette puller system
(Sutter Instruments, Novato, CA). All capillaries are positioned using high-resolution
micromanipulators (XYZ 500MIM, Quater Research and Development, Bend, OR) and monitored
using two Dino-Lite digital microscopes (AnMo Electronics Corporation, Sanchong, New Taipei,
Taiwan). The 9:1 (v/v) methanol/water extraction solvent containing internal standards is used for
negative ionization mode. Negative mode internal standards used in this study include arachidonic
acid-d8 and diclofenac-d4 (0.5 uM). The solvent flow rate is 500 nL./min with a voltage of 3.2 kV.
The capillary inlet is heated to 250 °C. The funnel RF level is optimized to minimize in-source
fragmentation and set to 20. Imaging experiments are performed by scanning each sample line by
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line under the shear force/nano-DESI probe at a constant velocity of 40 um/s while collecting high-
resolution mass spectra (m/Am of 60,000 at 200 m/z) at a rate of 7 Hz. The spacing between the
lines was 150 um setting the upper limit of the spatial resolution to 150 pm. We note that because
the pixel size in the x-dimension is much smaller (~10 pum), the spatial resolution achieved in these
experiments is better than 150 pm. Dimensions of scanned area for kidney sections was ~10x6
mm? with an acquisition time of ~3.5 hours per section. Dimensions of the liver sections were
~10x17 mm? with an average acquisition time of ~8 hrs per section. For ionization efficiency and
ion suppression experiments, individual line scans across the tissue were performed with varying
concentrations of diclofenac acyl-B-D-glucuronide and 4’-hydroxy diclofenac (0, 5.0, 10, 15, 20
uM) and a constant concentration of diclofenac-d4 (5 uM).

Data Processing. Diclofenac and its metabolites observed in the MSI experiments were identified
based on the accurate mass measurement and MS/MS. Raw data were collected using Xcalibur
software (Thermo Scientific) and subsequently processed using Peak-by-Peak (SpectroSwiss,
Lausanne, Switzerland). SIM imaging experiments were processed using an in-house script
described in our previous publication,™ and manually normalized using Origin (OriginLab
Corporation). Region of interest analysis was done by manually averaging pixel intensities
matrices in Microsoft Excel.

RESULTS AND DISCUSSION

In this study, we examine the spatial localization of diclofenac and its major metabolites in kidney
and liver tissue. The nano-DESI MSI setup is shown schematically in Figure 1A. The primary and
secondary capillary are positioned close to each other to generate a stable liquid bridge. The
primary capillary supplies solvent to the liquid bridge at a constant rate. Analytes extracted into
the liquid bridge are transferred through the secondary capillary to a mass spectrometer inlet and
ionized by ESI. The shear force probe maintains a constant distance between the sample and the
nano-DESI probe. The inset image shows a photograph of the probe placed on kidney tissue.
Figure 1B shows the average negative mode nano-DESI mass spectrum of the dosed kidney tissue
in the m/z 150-500 range. This m/z range encompasses diclofenac, its major metabolites, and
endogenous fatty acids from the tissue. Both the drug and its metabolites are observed as minor
species in the spectrum. Figures 1C and 1D highlight two m/z ranges (m/z 290-315 and m/z 460-
480) containing [M-H]  ion of diclofenac at m/z 294.0098 (D), [M-H] ion of diclofenac-d4 at m/z
298.0348 (D-d4), [M-H] ion of hydroxydiclofenac at m/z 310.0048 (HD), and [M-H] ion of
diclofenac acyl glucuronide metabolite at m/z 470.0424 (AG).
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Figure 1. (A) Schematic drawing of the nano-DESI system positioned in front of a mass spectrometer inlet showing
the nano-DESI probe comprised of two fused silica capillaries for solvent delivery and ESI, and a shear force capillary
for maintaining constant distance between the sample and probe. (B) Negative ion mode mass spectrum of diclofenac
dosed mouse kidney tissue in the m/z 150-500 range. (C) Expanded view of the m/z 290-315 range. Diclofenac (red,
m/z 294), diclofenac-d4 (green, m/z 298), 4’- and 5-hydroxydiclofenac (blue, m/z 310) are present. The inset structure
corresponds to diclofenac (red) with additional modifications for 4’-hydroxydiclofenac (blue, 4’ carbon -OH group)
and 5-hydroxydiclofenac (black, 5 carbon -OH group). (D) Expanded view of the m/z 460-480 range. The structure of
the acyl glucuronide metabolite (red, m/z 470) is shown in inset.

Although nano-DESI is a soft ionization technique, in our initial experiments, we observed a
substantial fragmentation of D-d4. Similar fragmentation was observed in direct infusion
experiments and attributed to in-source fragmentation of the analyte. Upon further investigation
of the instrument conditions we found that in-source fragmentation could be minimized by
adjusting the funnel RF level of the Q-Exactive HF-X system. Using the default funnel RF setting
of 100, we observed predominately the decarboxylated fragment of D-d4 (m/z 254.0440) (Figure
S1A). When the funnel RF was adjusted to 0, very little fragmentation occurs and the intact [M-
H] peak (m/z 298.0337) for D-d4 is observed with high intensity (Figure S1B). However, ion



transmission at RF=0 is fairly low. The funnel RF level was further optimized by monitoring the
signal-to-noise ratio of D-d4 and its fragment while varying the funnel RF from 0 to 100 (Figure
S1C). We found that the funnel RF level of 20 provided the best signal of D-d4 without any
measurable in-source fragmentation.

Diclofenac dosed kidney tissue was imaged using nano-DESI MSI in both broadband mode (Full
MS) and selected ion monitoring (SIM) mode. The resulting ion images normalized to D-d4 as
well as H&E and optical images are shown in Figure 2. The H&E stained image was annotated to
highlight important anatomical regions. For kidney sections imaged using broadband mode, D has
an even distribution throughout the tissue and HD is localized to the cortex. Meanwhile, AG is
tightly localized to the inner medulla of the kidney, but some signal can be seen in the cortex. In
SIM imaging mode, the localization patterns of diclofenac and its metabolites are comparable to
the images obtained in the broadband mode, but the intensities are enhanced, and noise is
substantially reduced resulting in an order of magnitude increase in signal-to-noise ratio. By
increasing the ion abundance, SIM imaging provides higher-quality localization patterns of the
drug and metabolites in the sample. The spatial distribution of AG obtained using SIM mode is in
better agreement with the known distribution of UGTs in the kidney tissue. These localization
patterns are consistent across left and right kidney and across replicate tissue sections as seen in
Figure S2.
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Figure 2. H&E, optical, and nano-DESI ion images of diclofenac dosed mouse kidney tissue. Relevant regions of
H&E stained kidney section are annotated for comparison with ion images. Ion images of diclofenac, acyl glucuronide,
and hydroxydiclofenac are shown for both broadband (Full MS) and SIM imaging modes on kidney. Ion images are
self-normalized to the internal standard, diclofenac-d4. Scale bar represents 1 mm. Intensity scale ranges from 0%
intensity (black) to 100% (white).



The liver is the primary organ for drug metabolism>*>, therefore, dosed mouse liver tissue was
also imaged to investigate metabolite distribution. The resulting ion images normalized to D-d4
and the corresponding optical and H&E images are shown in Figure 3. D is uniformly distributed
across the liver tissue section (Figure 3A), which is consistent with the localization of both
cytochrome P-450 and UGT enzymes, known to catalyze metabolic reactions in liver cells and the
liver being a high blood perfused organ.’®>” However, ion images of both HD and AG metabolites
show very low signal in the broadband imaging mode. These images are consistent across multiple
tissue section replicates (Figure S3). Based on previous literature, both HD and AG metabolites
are expected to be present in liver.>*7 Since very little signal intensity was seen in the ion images,
LC-MS/MS quantitation was performed to determine if the concentration of these metabolites was
below the MSI limit of detection. Table 1 shows the concentration of diclofenac and its metabolites
in both kidney and liver tissue determined by LC-MS/MS quantitation. The concentration of the
AG in liver (avg. 2.5 uM) and kidney (avg. 3.3 uM) are similar after 30 minutes post dose. In
kidney, the average concentration of HD was 21.6 uM and 0.95 uM in the liver. Overall, the
concentration of metabolites was higher in the kidney tissue but still present within the same order
of magnitude concentration in the liver. These results indicate that the lack of metabolite signal in
nano-DESI MSI of liver sections is likely related to the stronger signal suppression in this sample.
Abundant bile acids present in the full MS spectrum of dosed liver tissue (Figure 3B) likely
contribute to the observed signal suppression of acyl glucuronide. In order to increase for the
sensitivity of MSI experiments towards diclofenac and its metabolites, we analyzed liver sections
using SIM imaging mode. The resulting ion images of liver sections shown in Figure 3C, reveal
both HD and AG in this sample. Both, HD and AG are distributed evenly throughout the liver
tissue, with slight enhancements in hepatic veins. Overall, the SIM imaging mode helped improve
signal-to-noise ratios of diclofenac and its metabolites in both liver and kidney tissue by at least
an order of magnitude and was able to provide better ion images of both diclofenac metabolites.
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Table 1. Concentrations of diclofenac and its major metabolites in kidney and liver tissue from LC-MS/MS
quantitative method. Dosed tissue samples and control tissues were run in triplicate. Hydroxydiclofenac was not stable
in kidney tissue homogenate and could not be accurately quantified but significant amount was observed. Therefore
(*) denotes a semi-quantitative measurement. The value denoted in parenthesis besides the metabolite concentrations

are the metabolite/diclofenac ratio.

Tissue type Tissue Diclofenac Hydroxydiclofenac  Diclofeanc-acyl-§-
Weight (mg) (M) (nM) D-glucuronide (nM)
Kidney 2.36 12.25 18* (1.5) 2.71 (0.221)
Kidney 243 14.38 19* (1.3) 3.43 (0.239)
Kidney 2.55 16.14 28* (1.7) 3.67 (0.227)
Liver 2.64 22.54 1.35 (0.0599) 2.41(0.107)
Liver 2.75 18.08 0.55 (0.030) 242 (0.134)

Liver 291 24.38 0.95 (0.039) 2.67 (0.110)




Given the increase in signal in SIM imaging mode, we were able to obtain metabolite signals above
the limit of quantitation for comparison with LC-MS/MS quantification data (Table 1). For
relative quantification, we explored the varying ionization efficiencies of the analytes and their
suppression on the tissue. Specifically, we performed a series of experiments, in which we acquired
nano-DESI line scans using 9:1 MeOH/H:0 solvent containing a mixture of HD and AG at 0, 5.0,
10, 15, 20 uM each and a constant concentration of D-d4 of 5 uM. Signals of standards observed
in these experiments are used to quantify signal suppression over a range of concentrations. The
results shown in Figure S4 indicate that signals of standards increase proportionally with
concentration. We obtained suppression factors (SFmetabolite) from the slopes of the respective linear
plots. Full data and calculations for both broadband and SIM experiments can be found in the
Supporting Information. The suppression factors obtained for liver and kidney for SIM
experiments are presented in Table 2. The results show a substantial suppression of AG compared
to HD in the analysis of both tissues. The suppression factors are 12 and 10 for AG and 2.0 and
2.7 for HD in kidney and liver, respectively. These suppression factors take into account both
differences in ionization efficiencies and tissue extinction coefficients of diclofenac and its
metabolites.

Table 2. Ratios of hydroxydiclofenac (HD) and diclofenac acyl glucuronide (AG) to diclofenac (D) for both LC-
MS/MS and nano-DESI methods. Nano-DESI values correspond to SIM experiment and have been corrected to
account for tissue suppression (multiplied by the corresponding suppression factor (1) also shown). (*) Denotes semi-
quantitative value due to standard instability in tissue homogenate. Suppression values are derived from the slope of
a range of normalized metabolite on-tissue signal intensities in a nano-DESI SIM experiment.

Kidney

HD/D AG/D
LC-MS/MS whole tissue 1.5* 0.23
Nano-DESI whole tissue 0.8 2.1
Nano-DESI cortex 1.0 1.6
Nano-DESI outer medulla 0.34 1.6
Nano-DESI inner medulla 0.40 53
tNano-DESI Suppression Factors 2.0 12
Liver

HD/D | AG/D
LC-MS/MS whole tissue 0.043|  0.12
Nano-DESI whole tissue 0.022 | 1.4
tNano-DESI Suppression Factors 2.7 | 10.0



Using these suppression factors, we calculated concentration ratios from the intensity ratios
obtained in SIM imaging experiments adjusted for signal suppression (i.e. measured
(Imetabolite/ Ldiclofenac * SFmetabolite). Specifically, we performed region of interest (ROI) analysis to
determine signal intensities of D, HD, and AG across the whole tissue (HD/D=0.8; AG/D=2.1)
and in specific regions including cortex (HD/D=1.0; AG/D=1.6), outer medulla (HD/D=0.34;
AG/D=1.6) and inner medulla (HD/D=0.40; AG/D=5.3) of the kidney section. Meanwhile,
because all analytes are distributed evenly in the liver tissue, we only considered the average
signals across the entire liver tissue (HD/D=0.022; AG/D=1.4) for comparison with LC-MS/MS.
Table 2 shows the resulting concentration ratios obtained from nano-DESI MSI in comparison
with the averaged ratios obtained from the LC-MS/MS quantification. Although only a
semiquantitative LC-MS/MS determination of HD in kidney homogenate was obtained due to the
instability of HD in kidney tissue homogenate, comparable results were obtained for HD/D ratios
of the whole tissue. However, the AG/D ratios obtained using nano-DESI MSI are about an order
of magnitude higher than the concentration ratios obtained using LC-MS/MS. This could likely be
due to hydrolysis of AG during LC-MS/MS analysis or degradation during homogenization and
extraction. The pH-dependent degradation and difficulties of characterizing acyl glucuronides
have been previously explored in the literature.’® Regardless, both experiments generally agree
that HD is present in higher abundance in kidney than AG. Meanwhile AG is in higher abundance
than HD in liver for both the LC-MS/MS and nano-DESI analyses.

Region-specific concentration ratios obtained from nano-DESI MSI experiments performed in
SIM mode summarized in Table 2, allow for the relative comparison of metabolite concentrations
among different kidney regions. For kidney tissue, the highest HD/D ratio of 1.0 is observed in the
cortex indicating that HD is most abundant in this region of the tissue and less abundant in both in
the outer medulla (HD/D=0.34) and inner medulla (HD/D=0.40). Meanwhile, AG is tightly
localized to the inner medulla (AG/D=5.3) and similarly less abundant in the cortex (AG/D=1.6)
and outer medulla (AG/D=1.6). These values corroborate the qualitative assessment of the nano-
DESI images. Overall, the relative quantification using nano-DESI MSI is comparable to LC-
MS/MS data and has the distinct advantage of providing localized quantification for comparison
of the different regions of the tissue.

CONCLUSIONS

In this study, we evaluated the performance of nano-DESI MSI for imaging of drugs and
metabolites, which are difficult to detect due to a substantial signal suppression in MSI
experiments. In particular, we used nano-DESI MSI to image diclofenac dosed liver and kidney
tissues from mice. In the full MS mode, we observed diclofenac and its major metabolites in the
kidney tissue but could not detect diclofenac metabolites in the liver. A substantial improvement
in the abundances of these species was observed in the SIM mode. Imaging experiments, in which



several SIM m/z filters around the metabolites of interest were applied in sequence to help reduce
ion suppression from other ions, revealed the localization of diclofenac and its metabolites and
enabled relative quantification. In the kidney, diclofenac is evenly distributed throughout the
tissue. HD is localized to the cortex of the kidney where the majority of cytochrome P450 enzymes
are that metabolize diclofenac into HD. Meanwhile, AG is localized to the inner medulla of the
kidney, which is the area of the kidney where xenobiotics are excreted after metabolism. AG is
more polar than HD and is likely localized in the inner medulla for rapid excretion. These
distributions are reproducible across the left and right kidney and across multiple tissue sections.
In liver tissue, diclofenac is evenly distributed throughout the tissue. Meanwhile, HD and AG
observed throughout the tissue are slightly enhanced in hepatic veins. Relative quantification of
HD and AG across the tissue and in specific regions provides first insights into the chemical
gradients of these metabolites in the tissue. Comparison with LC-MS/MS quantitation indicated
that nano-DESI MSI is well-suited for determining region-specific relative abundances of drugs
and metabolites in dosed tissues. Future work may expand this study from a single time point to a
time series to gain a better understanding of drug metabolism and pharmacokinetics.
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Supplemental:

Table S1. Dilution scheme for calibration standards. Standard curve ranging from 5 uM to 1 nM.

ID Standard Volume Volume Final tissue Concentration
Solution ofIntermediate | of Diluent | following addition of 30 pL
Concentration working (mL) of standard solution to 150
(nM) Standard pL of extracted tissue
Solution (mL) supernatant

A 25,000 0.4 mL of 50 uM 0.4 mL 5000 nM

B 10,000 0.3 mL of A 0.45 mL 2000 nM

C 5,000 0.4 mL of B 0.4 mL 1000 nM

D 2,500 0.4 mL of C 0.4 mL 500 nM

E 1,000 0.3 mL of D 0.45 mL 200 nM

F 500 0.4 mL of E 0.4 mL 100 nM

G 250 0.4 mL of F 0.4 mL 50 nM

H 100 0.3 mL of G 0.45 mL 20 nM

I 50 0.4 mL of H 0.4 mL 10 nM

J 25 0.4 mL of I 0.4 mL 5nM

K 10 0.3 mL of J 0.45 mL 2 nM

L 5 0.4 mL of K 0.4 mL 1 nM




Table S2. Mass spectrometric parameters.

Precursor ion Collision energy Product ion

mlz (eV) (m/z)
Diclofenac 296.1 30 215.1
Diclofenac-d4 300.1 30 219.1
Hydroxy metabolite 312.1 30 231.1
Acyl glucuronide 472 1 30 215.1

metabolite
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Figure S1. Direct infusion of 10 uM solution of diclofenac-d4 (m/z 298.033) standard for
instrument method optimization. (A) Negative ion mode spectrum with funnel RF level on Q-
Exactive HF-X set to 100, decarboxylated fragment (m/z 254.044) of diclofenac-d4 is observed
with high intensity. (B) Negative ion mode spectrum with funnel RF level on Q-Exactive HF-X
set to 0, very little fragmentation is observed. (C) Signal to noise ratio of diclofenac-d4 (blue) and
diclofenac-d4 fragment (red) with increasing funnel RF level. Optimized funnel RF level was 20.
(D) Diclofenac-d4 structure, * indicates which carbon has deuterated hydrogens attached, red line
indicates where fragmentation occurs to create m/z 254.04 fragment.
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Figure S2. Optical and nano-DESI ion images of diclofenac dosed mouse kidney replicate tissue
sections. lon images of diclofenac, acyl glucuronide, and hydroxydiclofenac are shown. Ion
images are self-normalized to internal standard, diclofenac-d4. Scale bar represents 1 mm.
Intensity scale ranges from 0% intensity (black) to 100% (white).
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Figure S3. Optical and nano-DESI ion images of diclofenac dosed mouse liver replicate tissue
sections. lon images of diclofenac, acyl glucuronide, and hydroxydiclofenac are shown. Ton
images are self-normalized to internal standard, diclofenac-d4. Scale bar represents 1 mm.
Intensity scale ranges from 0% intensity (black) to 100% (white).
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Figure S4. Linear response of on-tissue signal intensity with increasing concentration of
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hydroxydiclofenac and diclofenac acyl glucuronide intensities normalized to the constant
diclofenac signal intensity.
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