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More importantly, nine proteins were highly enriched and 
highly abundant in the stone matrix and 8 were reciprocally 
depleted in urine, suggesting a critical role for these pro-
teins in guaifenesin stone formation. Accurate stone analy-
sis is critical to proper diagnosis and treatment of kidney 
stones. Many matrix proteins were common to all stone 
types, but likely not related to disease mechanism. This 
protocol defined a small set of proteins that were likely 
critical to guaifenesin stone formation based on their high 
enrichment and high abundance in stone matrix, and it 
should be applied to all stone types.
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Abstract  Drug-related kidney stones are a diagnostic 
problem, since they contain a large matrix (protein) fraction 
and are frequently incorrectly identified as matrix stones. 
A urine proteomics study patient produced a guaifenesin 
stone during her participation, allowing us to both correctly 
diagnose her disease and identify proteins critical to this 
drug stone-forming process. The patient provided three ran-
dom midday urine samples for proteomics studies; one of 
which contained stone-like sediment with two distinct frac-
tions. These solids were characterized with optical micros-
copy and Fourier transform infrared spectroscopy. Immu-
noblotting and quantitative mass spectrometry were used 
to quantitatively identify the proteins in urine and stone 
matrix. Infrared spectroscopy showed that the sediment 
was 60 % protein and 40 % guaifenesin and its metabolite 
guaiacol. Of the 156 distinct proteins identified in the pro-
teomic studies, 49 were identified in the two stone-com-
ponents with approximately 50  % of those proteins also 
found in this patient’s urine. Many proteins observed in this 
drug-related stone have also been reported in proteomic 
matrix studies of uric acid and calcium containing stones. 
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% SC	� Percentage of total assigned scan counts 
attributable to an individual or group of 
proteins

	� All protein abbreviations are defined in 
Table 3

Introduction

Kidney stones affect about 10 % of the general population 
and are typically composed of crystalline components and 
organic matrix (largely protein with small amounts of other 
organic materials and cellular debris) [1, 2]. Characteriza-
tion of the crystalline components (typically calcium oxa-
late, calcium phosphate, uric acid, or admixtures of these 
components) [3] remains critical to the proper diagnosis 
and treatment of affected individuals in current clinical 
practice. However, a recent survey of stone analysis from 
a selection of commercial laboratories was surprisingly 
inaccurate, even for typical stone crystals [4]. Stone char-
acterization is further complicated by the observation of 
relatively rare matrix stones that are almost exclusively 
composed of macromolecular components [5, 6]. Drug-
induced kidney stones often suffer the same diagnostic fate 
as matrix stones as they are both poorly imaged by standard 
radiologic methods and often misidentified by stone analy-
sis laboratories with inaccurate or incomplete reference 
libraries. Since drug-induced stones frequently contain a 
large fraction of matrix, they are frequently assigned to the 
matrix stone category.

We and others have hypothesized that the protein com-
ponents of stone matrix play a critical role in stone forma-
tion. Proteins can act as molecular templates or inhibitors 
for crystal nucleation, growth and aggregation, and they 
can affect crystal attachment to cells and tissues [2]. Earlier 
reports demonstrated that proteins comprise the majority of 
matrix [7, 8]. More recently, the matrix proteome has been 
characterized using mass spectrometry-based techniques, 
with more than one hundred individual proteins reported 
in association with various stone crystals [9–11]. Unfortu-
nately, the large number of proteins observed obscures their 
roles in stone formation, but suggests that many proteins 
are likely adventitiously included in matrix. A critical need 
remains to find methods to not only identify proteins that 
regulate stone formation, but also to define the mechanism 
by which they regulate this process.

We present here a detailed analysis of the urine and 
matrix proteomics of samples from a guaifenesin-associ-
ated stone. Since the first report of guaifenesin renal stones 
in 1999 [12] other publications have further characterized 
the drug and its metabolite guaiacol in nephrolithiasis 
(Fig. 1), but they remained focused on the crystal-forming 
components [13, 14]. In this study, we had the “stone” 

and the urine from which it formed, as well as the same 
patient’s normal baseline urine. We were therefore able to 
identify proteins critical to the guaifenesin stone forma-
tion based on their selective enrichment in stone matrix and 
reciprocal depletion in urine. The proteomic comparison of 
a patient’s urine with their stone matrix outlines a new pro-
tocol for stone matrix characterization that will help iden-
tify proteins critical to stone formation and reinvigorate this 
aspect of stone research.

Materials and methods

Patient history

All samples were obtained from a 30-year-old Caucasian 
woman who presented for the evaluation and treatment of 
recurrent matrix stones, and she was recruited to our IRB-
approved study of urine proteomics (VA-IRB protocol: 
9305-01P). Her initial diagnosis of stone disease occurred 
3 years earlier, when she presented with lower abdominal 
pain, dysuria, and inability to void. Abdominal CT scan 
showed bilateral obstructing stones (7 mm right and 8 mm 
left) and serum studies showed acute kidney injury (cre-
atinine  =  5.3  mg/dl). Bilateral stent placement resolved 
her symptoms and restored normal renal function. Stone 
analysis from an outside clinical laboratory identified the 
sediment as 100 % mucin. During the next 3 years she con-
tinued to have intermittent attacks of abdominal pain and 
dysuria with resolution of symptoms upon passing gravel-
like material.

Her other medical history was significant only for amen-
orrhea and a thin build (BMI = 21.6). She admitted smok-
ing a half pack of cigarettes per day for 15 years, but denied 
the use of alcohol or illicit drugs. Laboratory investigations 
showed normal serum electrolytes and normal renal func-
tion. A urine toxicology screen was positive for metham-
phetamine and amphetamine. Her prescription medications 
included potassium citrate and allopurinol for her stones, 
along with over the counter multivitamins and a daily salic-
ylate plus methenamine tablet for bladder pain relief. She 

Fig. 1   Drug chemical structure. A Guaifenesin and B guaiacol a 
metabolite of guaifenesin
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reported occasional allergy symptoms, but only admitted 
later to using guaifenesin, ibuprofen, and loratadine to treat 
these symptoms. Two 24-h urine collections (UroRisk® kit) 
are summarized in Table 1.

Study urine collections

Freshly voided random, midday urine samples were col-
lected on three separate occasions (samples a, b, and c 
corresponding to 0, 3, and 10  weeks from recruitment). 
Sample c was immediately preceded by renal colic, and 
only this sample contained an orange gravel-like material 
(GF) with a small matrix strand (MX). Urine sample c, GF, 
and MX fractions were separated physically by decanting 
the supernatant urine (sample c) and separating MX from 
GF using a pipette to remove the viscous liquid-like MX 
substance from GF. Each was frozen separately (−20 °C) 
until analyzed. The urine samples were also stored frozen 
(−20 °C) with protease inhibitors for later characterization 
[15]. Urine ion chemistries were measured using ion chro-
matography (Table  2) and were consistent with her 24-h 
urine data from the clinical laboratory (Table  1) and not 
unusual.

Urine analysis

Filtered urine samples were analyzed for both anion and 
cation concentrations using a Dionex ICS3000 dual pump 
ion chromatography system (ThermoFisher-Dionex, Ban-
nockburn, IL) equipped with ion suppression and conduc-
tivity detection, using their Chromeleon software for sys-
tem control and data analysis. Concentrations were based 
on peak areas from duplicate analysis (at minimum). 

Cations were separated on a CS12 column using a methyl-
sulfonic acid cartridge for eluent generation. Creatinine 
was determined using ultraviolet detection (210 nm) from 
the CS12 elution. The system was calibrated with cation 
and creatinine standards (TECO, Anaheim, CA). Anions 
were separated on an AS12 column (carbonate–bicarbonate 
buffer) calibrated with a Dionex anion standard mixture. 
Oxalate standards were made from sodium oxalate (Sigma-
Aldrich, Milwaukee, WI). Urine total protein concentra-
tions were determined using a pyrogallol red assay with 
bovine serum albumin as a standard.

Urine sample handling

Urine samples were defrosted in a warm water bath 
(37  °C) and clarified by low-speed centrifugation 
(1,000g ×  10  min) prior to ultrafiltration (Amicon Ultra 
10  kDa mwco, Millipore) against 10  mM NaCl to obtain 
the urinary macromolecules (UM). Pellet fractions were 
evaluated by polarized light microscopy and FTIR.

Matrix protein isolation

The proteins from the solid GF “stone” were isolated by 
exploiting the guaifenesin and guaiacol solubility with sub-
sequent protein ultrafiltration (>10  kDa cutoff) [16]. The 
MX “stone” fraction was solubilized for protein characteri-
zation in 200 µl 0.25 M Tris-base, 1.92 M glycine, 1 % SDS 
with subsequent addition of 200  µl 0.5  M dithiothreitol 
(60 °C water bath, 1 h), and then desalted by ultrafiltration.

Crystal identification‑fourier transform infrared 
spectroscopy (FTIR)

All solid pellet fractions were air-dried and analyzed for 
composition in the Mandel International Stone and Molec-
ular Analysis Center (MIS.MAC, Clement J. Zablocki 
Veterans Affairs Medical Center, Milwaukee, WI), using 
attenuated total reflectance data collection on a Thermo 
Nicolet Nexus 870 FTIR spectrometer. Spectra were col-
lected at room temperature with 32 scans per data collec-
tion between 700 and 3500  cm−1. The spectral data were 
compared with a locally constructed reference library using 
a correlation algorithm [17].

Gel electrophoresis

Urine macromolecules and stone matrix fractions were char-
acterized using stand gels and blotting protocols as described 
earlier [15, 18]. Primary antibodies for Tamm–Horsfall gly-
coprotein or uromodulin (UROM) [18], osteopontin (OSTP) 
[15], transferrin (TRFE), albumin (ALBU), zinc-α-2 glyco-
protein (ZA2G), IgKappa (IGKC) and Histone (HIS) were 

Table 1   24-h urine data (URO-RISK® kit)

Test Reference range 2010 2013

Volume >2.00 l 1.59 2.17

pH 5.5–7.0 5.5 6.4

Calcium <250 mg 33 339

Oxalate <45 mg 59 75

Citrate >320 mg 272 669

Uric acid <700 mg 534 757

Sodium <200 mEq 322 280

Phosphorous <1100 mg 1146 1200

Magnesium >60 mg 190 171

Potassium 19–135 mEq 85 75

Creatinine 600–1800 mg 1474 2110

Calcium oxalate URO-RISK <2.00 3.58

Brushite URO-RISK <2.00 3.34

Sodium urate URO-RISK <2.00 3.49

Uric acid URO-RISK <2.00 0.64
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used with details given in supplementary data (S1. Antibod-
ies). Images were collected using a 4 mega-pixel imaging 
system and accompanying software (IS4000R; MI software; 
CareStream Health, Rochester, NY USA).

Mass spectrometry

Proteomic studies were performed at the MCW Innova-
tion Center, Milwaukee, WI. Equivalent samples (20  µg) 
of macromolecules from each urine (a, b and c), GF-asso-
ciated proteins, and matrix strand (MX) were lyophilized, 
reconstituted, and then in-gel trypsin digested [19] prior 
to loading on the ThermoFinnigan LTQ Ion Trap LC-MS/
MS Instrument (linear ion trap with MSn capability) with 
a Thermo nanoelectrospray ionization source. The accom-
panying nano-HPLC system included a ThermoFinnigan 
Surveyor quaternary pump plus Surveyor autosampler and 
capillary columns (10  cm  ×  75  µm) packed with 3  µm 
Magic C18AQ particles (Michrom-Bruker, Auburn, CA). 
Protein peaks were determined using established criteria 

and matched to the human Uniprot database following 
previously established procedures [19]. The analysis was 
based on a summation of at least two column injections. 
Proteomic datasets were reviewed excluding keratins (due 
to their variable origin), redundant proteins, proteins with 
a peptide probability <0.85, and proteins with less than 2 
peptides identified. The resulting mass spectrometry data 
yielded spectral counts (number of times that any peptide 
associated with a given protein is detected). The relative 
abundance was defined as % spectral counts (% SC; per-
centage of all assigned spectral counts that were attributed 
to this protein).

Results

The primary observations for the three urine samples (sam-
ples a, b, and c) are shown in Table 2. Sample c contained 
two distinct solid phases or stones prior to centrifuga-
tion: GF and MX fractions. Her normal urine, exemplified 

Table 2   Random urine characteristics

GC guaifenesin/guaiacol crystal mixture
a  Based on microscopic examination. Urine reference values are based on 94 normal subjects 24-h urine data and shown as set mean (set high 
value) [20]

Urine samples a b c

Volume 95 ml 110 ml 120 ml

Notes Cloudy None Orange sediment & matrix strand (MX)

Urine dipstick

 SG 1.020 1.015 1.030

 pH 5.5 6.5 5.0

 Notes Bright orange bilirubin Trace protein Bright orange bilirubin

Urine pellet fraction post-low-speed centrifugation

 Pellet fraction Yes, small Yes, trace Sediment MX

 FTIR analysis 20 % COD/struvite; 80 % 
protein

Not conducted 40 % GC 60 % Prot. Protein with trace GCa

 Urine analytes, mg/dL Reference values [20]

Cations

 Sodium 470 390 280 220 (450)

 Ammonium 40 45 160 55 (125)

 Potassium 430 280 330 160 (300)

 Magnesium 5.4 5.2 14.2 9 (15)

 Calcium 0.2 5.8 26 11 (26)

Anions

 Chloride 730 600 520 –

 Sulfate 90 150 150 115 (190)

 Phosphate 280 300 200 155 (265)

 Oxalate 6.9 4.9 9 1.1 (1.8)

 Creatinine 274 233 312 90 (250)

 Protein, mg/L 112 176 97 –

 P/C, mg/g 41 76 31 <150



143Urolithiasis (2017) 45:139–149	

1 3

by samples a and b, did not contain a visible solid phase. 
Microscopic examination of the two solid phases revealed 
many spherical, birefringent crystals and traces of pro-
teinaceous material in GF (Fig.  2A, B), while occasional 
spherical crystals and an abundance of proteinaceous fib-
ers were observed in MX (Fig. 2C, D). These observations 
were confirmed using FTIR, finding 60  % protein, 16  % 
guaifenesin and 24 % guaiacol in the GF sample and pre-
dominantly protein with trace drug/metabolite in the MX 
sample (S2. FTIR data). Gravimetric analysis of the drug 
and metabolite crystal mixture suggested that the initial 
drug concentration was about 6 mg/ml in the voided urine. 
Urine ion analysis was remarkable for variable calcium and 
consistently high oxalate and creatinine excretion, while 
protein/creatinine ratios for urine samples a, b and c were 
normal (Table  2). All other urine ion data were near the 
boundaries of normal urine values [20].

Immunoblot results from equal total protein loadings 
are shown in Fig.  3 for her normal UM (samples a and 
b), the depleted stone UM (sample c), and the protein 
isolate from GF. For these 7 proteins, Histone (HIS) was 
only detected in GF, while transferrin (TRFE) was almost 
undetectable in GF and c samples. Uromodulin (UROM), 
osteopontin (OSTP) and possibly Ig Kappa (IGKC) showed 
increased abundance in GF with reduced abundance in 
UM c, compared to UM samples a and b, suggesting pref-
erential adsorption of these proteins to the stone crystals/
matrix. Conversely, albumin (ALBU) was reduced in GF, 

suggesting only adventitial inclusion in GF. Furthermore, 
ALBU was increased in UM c, suggesting that it was left 
behind in solution during stone formation. Zinc alpha 2 gly-
coprotein (ZA2G) was not detected in GF. Data from MX 
protein immunoblots (data not shown) showed that UROM 
and ALBU were present at comparable quantities to normal 

Fig. 2   Optical microscopy of 
urine sample-c sediment and 
matrix strand. Top row: sample 
c orange, stone-like sediment (A 
bright field, B polarized). Bright 
field microscopic examina-
tion of the sediment (top left) 
revealed spherical crystals that 
were birefringent under polar-
ized light (top right) with small 
traces of protein strands evident. 
Bottom row: sample c mucus 
strand (C bright field, D polar-
ized). Examination of the mucus 
strand showed long polymeric 
protein fibrils with an occa-
sional spherical crystal (bottom 
left), which were birefringent 
under polarized light (bottom 
right). All images were at 20× 
magnification

    a      b     c     GF

UROM

TRFE

ALBU 

OSTP

ZA2G

IGKC 

HIS 

Fig. 3   Immunoblot analysis of equivalent UM loadings (10 µg). Spe-
cific antibodies for UROM (Tamm–Horsfall glycoprotein), TRFE 
(transferrin), ALBU (albumin), OSTP (osteopontin), ZA2G (zinc α 2 
glycoprotein), and IGKC (Ig Kappa C chain) and HIS (histone) were 
used in staining. Lanes (left to  right) UM samples a, b, c and GF 
fraction. MX fraction is not shown
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UM samples, while HIS and IGKC were increased in MX. 
Conversely, OSTP and ZA2G were not detected and TRFE 
was only detected at trace levels in MX.

Mass spectrometry experiments identified a total of 156 
proteins from urine (a, b and c), GF, and MX samples (131, 
27 and 29 proteins, respectively), with complete data sum-
mary given in Supplementary Data (S3). We compared 
relative abundance data from mass spectrometry (% SC) to 
quantitative immunoblots for three highly abundant urine 
proteins; UROM, TRFE, and ALBU (Fig.  4), confirming 
the validity of using % SC as a quantitative proteomics 
measure [19, 21]. Urine contained 107 proteins that were 
not associated with either GF or MX. The GF sample had a 
strong overlap with the urine proteome (>90 % of GF pro-
tein mass), while >50 % of MX protein mass was unique to 
that fraction. The 49 proteins that comprise the “guaifen-
esin stone matrix proteome” (GF and MX samples) are 
enumerated in Table  3. These proteins were largely over-
lapping with stone matrix proteins from various stone types 
(uric acid, calcium oxalate, calcium phosphate, and matrix 
stone). Overlap was indicated by checkmarks in the appro-
priate columns, since relative abundances were not report 
in these earlier publications [9–11, 22]. It is evident from 
the list of tissue location in column 2 that the stone matrix 
proteins common with urine were predominantly extracel-
lular proteins with limited inclusions of cytosolic, nuclear, 
and plasma membrane proteins. The urine proteins over-
lapping between the guaifenesin stone matrix and more 
conventional stone types were largely extracellular with 
some immune and complement proteins, while the proteins 
unique to guaifenesin stone matrix were largely cell mem-
brane and cytosolic proteins. 

A far more interesting picture emerges in comparing 
the protein relative abundance data between normal urine, 
depleted urine, and stone matrix. Bar graphs in Fig. 5 show 
protein inclusion patterns observed in mass spectrometry 
data, mirroring the same findings observed in immunob-
lotting data (Fig.  3). Most proteins demonstrating enrich-
ment in either stone matrix sample were depleted in UM 

sample c compared to the baseline urine samples (a and b). 
Conversely, UROM (Fig.  5A) remained equally abundant 
in the depleted urine sample (c), as compared with normal 
urine (a and b), despite demonstrating a strong preference 
for the GF matrix. The relatively small size of the GF and 
MX fractions compared to the total urine volume in sample 
c may explain the lack of UROM depletion. On the other 
hand, ALBU (Fig.  5B) was included in decreased abun-
dance in the guaifenesin stone matrix. ALBU was increased 
in sample c consistent with a relative depletion of other 
proteins in the supernatant urine due to selective adsorp-
tion. The similarity of total protein content in the three 
urine samples argues against the possibility that this sam-
ple had higher ALBU content than normal. OSTP (Fig. 5C) 
and A1AT (Fig.  5D) demonstrated patterns of selective 
adsorption in stone matrix (with OSTP in GF and A1AT in 
MX) and depletion in UM sample c.

The overall proteomic shift in the guaifenesin stone 
matrix is shown in an integrative way in Fig.  5E [23]. In 
this representation, each bar graph represents the total pro-
tein mass of the sample; normal baseline urine samples 
(a and b) in the left hand bar and GF proteins in the right 
hand bar. Each bar has been divided into three groups of 
proteins based on their comparative protein abundance. The 
majority of protein mass included proteins common to both 
phases shown in two groups with nine proteins present in 
GF at increased abundance (block tiled gray) and ten pro-
teins present in GF at decreased abundance (solid gray sec-
tion). The nine proteins common to both samples that were 
increased in GF likely drove the stone-formation process, 
as they accounted for almost 75  % of GF protein mass, 
notably including UROM, OSTP, and APOD. On the other 
hand, the ten proteins common to both samples that were 
decreased in GF included most other high-abundance urine 
proteins, such as ALBU, AMBP, and TRFE. The remain-
ing section of each bar shows proteins unique to that phase 
with 69 proteins found only in urine (yellow bar) and 8 
proteins found only in GF (orange bar). The unique urine 
proteins were generally low abundance, though they totaled 

Fig. 4   Relative urine protein abundance: proteomics vs. immunoblot. 
Antibody signal from immunoblots (Fig.  3 and additional samples 
of known protein content) compared to the mass spectroscopy pro-
teomic data for representative proteins (UROM  =  Tamm–Horsfall 

Protein, TRFE =  transferrin and ALBU =  albumin). Immnunoblot 
data shown as pixels ×10,000 per given area. Mass spectrometry-
based proteomic data given as % of total spectral count (% SC) for a 
given sample
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Table 3   Proteomic data for patient urine samples (a, b and c), GF and matrix strand (MX)

Net work Tissue location Protein % Spectral counts UA stone Ca stone Matrix 
stone

a b c GF MX

Common urine and stone matrix proteins

 1 Extracellular ALBU Albumin 17.8 25.8 49.1 14.2 22.3 ✓ ✓ ✓
 1 Extracellular UROM Uromodulin (THP) 6.3 6.0 6.4 33.0 2.3 ✓ ✓ ✓
 1 Extracellular TRFE Transferrin 3.8 4.1 0.0 0.3 1.3 ✓ ✓ ✓
 1 Extracellular IGKC Ig Kappa 0.1 1.6 2.7 1.8 1.0 ✓ ✓ ✓
 1 Extracellular IGHG1 Ig Gamma 1.9 2.3 0.1 0.6 2.2 ✓ ✓ ✓
 1 Extracellular A1AT α-1-Antitrypsin 1.8 1.7 0.1 0.8 2.4 ✓ ✓ ✓
 1 Cytosol HBB Hemoglobin β 0.6 0.5 0.0 0.2 5.6 ✓ ✓ ✓
 1 Extracellular APOD Apolipoprotein D 3.5 2.9 0.0 7.9 0.0 ✓ ✓
 1 Extracellular KNG1 Kininogen 1 2.5 1.7 0.0 5.0 0.0 ✓ ✓
 1 Cytosol IGLC Ig Lambda 2.4 3.1 1.5 2.6 0.0 ✓ ✓ ✓
 2 Extracellular OSTP Osteopontin 2.8 1.5 0.3 2.5 0.0 ✓ ✓
 1 Extracellular KV309 Ig Kappa chain V-III 0.0 0.0 0.0 2.5 0.0 ✓ ✓ ✓
 1 Extracellular A1BG α-1-β Glycoprotein 3.2 1.3 0.0 1.2 0.0 ✓ ✓
 1 Cytosol S10A8 Calgranulin 0.0 0.0 0.1 0.4 0.0 ✓ ✓ ✓
 1 Extracellular CO3 Complement C3 0.0 0.0 0.0 0.0 15.3 ✓ ✓ ✓
 1 Extracellular HPT Haptoglobin 1.9 1.1 0.0 0.0 5.2 ✓ ✓
 1 Extracellular FIBG Fibrinogen γ 0.0 0.0 0.0 0.0 3.4 ✓ ✓
 1 Extracellular FIBB Fibrinogen β 0.0 0.0 0.0 0.0 2.5 ✓ ✓
 1 Nuclear H4 Histone H4(HIS) 0.0 0.0 0.0 0.0 1.0 ✓ ✓ ✓
 1 Extracellular FIBA Fibrinogen α 0.0 0.0 0.0 0.0 0.9 ✓ ✓
 2 Cytosol CAH1 Carbonic anhydrase 0.0 0.0 0.0 0.0 0.7 ✓ ✓
 1 Extracellular CO5 Complement C5 0.0 0.0 0.0 0.0 0.6 ✓ ✓
 1 Extracellular CO9 Complement C9 0.0 0.0 0.0 0.0 0.2 ✓ ✓
 1 Extracellular AMBP Bikunin 8.5 7.6 5.5 5.8 0.0 ✓
 1 Extracellular ITIH4 Inter-α-trypsin inh (C4) 1.0 0.7 0.0 0.7 0.0 ✓
 2 Cell membrane GELS Gelsolin 2.2 1.4 0.0 0.7 0.0 ✓
 2 Extracellular A2MG α-2-Macroglobulin 0.0 0.0 0.0 0.0 7.9 ✓
 1 Extracellular ITIH1 Inter-α-trypsin inh (C1) 0.0 0.0 0.0 0.0 2.8 ✓
 1 Other HBD Hemoglobin δ 0.0 0.0 0.0 0.0 2.2 ✓
 1 Cell membrane MUC Ig Mu 0.0 0.0 0.0 0.0 1.5 ✓
 1 Extracellular ITIH2 Inter-α-trypsin inh (C2) 0.0 0.0 0.0 0.0 2.8 ✓
 1 Extracellular CFAB Complement factor B 0.0 0.0 0.0 0.0 0.4 ✓

Proteins uniquely GF or MX associated

 2 Cell membrane PDC15 Protocadherin 15 8.5 2.9 0.6 12.8 0.0

 3 Cytosol SPRR3 Small Pro-rich protein 3 0.0 0.0 0.7 2.7 0.0

 3 Extracellular A2GL α-2-Glycoprotein 3.6 2.9 0.0 0.7 0.0

 1 Extracellular PGBM BM Proteoglycan 0.0 0.0 0.1 0.6 0.0

 2 Cell membrane CAD13 Cadherin 13 0.2 0.0 0.0 0.5 0.0

 3 Cytosol PSMD6 26S non-ATPase 0.0 0.1 0.0 0.5 0.0

 2 Cell membrane CNTN3 Contactin-3 0.0 0.0 0.1 0.4 0.0

 2 Cell membrane AT2B3 PM Ca-ATPase 3 0.0 0.0 0.0 0.4 0.0

 3 Cell Membrane ARFG3 GTPase activating protein 0.0 0.0 0.0 0.2 0.0

 2 Cytosol PCLO Protein piccolo 0.0 0.0 0.0 0.2 0.0

 3 Other MUC5B Mucin-5B 0.0 0.0 0.0 0.0 10.2

 3 Extracellular PZP A2MG-like protein 0.0 0.0 0.0 0.0 3.3

 3 Cell membrane DESP Desmoplakin 0.0 0.0 0.0 0.0 1.3
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almost 30  % of UM protein mass, while the 8 proteins 
unique to GF accounted for only about 5 % of GF protein 
mass. The number of proteins found to be unique in any 

phase would likely decrease if more sensitive mass spec-
trometry methods were applied, such that lower abundance 
proteins could be detected; however, expanding the list of 

Protein relative abundances are given for each matrix associated protein in urine samples (a, b and c), GF, and MX, and compared to the list of 
proteins reported in uric acid stone matrix (UA) [10], calcium oxalate/calcium phosphate stone matrix (Ca) [9, 11], and a matrix stone [22], with 
overlap denoted by a ✓ in the appropriate column. Approximately 80 % of the protein mass from GF/MX samples was common with uric acid 
stones. Metabolomics network analysis (www.ingenuity.com) identified three physiologic networks (column 1) and five tissue locations (column 
2). Network 1 is a metabolic disease response network rich in immune and complement factors. Network 2 is a cell–cell signaling and develop-
ment network. Network 3 is related to hereditary disorders and other disease states

Table 3   continued

Net work Tissue location Protein % Spectral counts UA stone Ca stone Matrix 
stone

a b c GF MX

 3 Cell membrane DMBT1 Glycoprotein 340 0.0 0.0 0.0 0.0 0.8

 3 Extracellular TENA Tenascin 0.0 0.0 0.0 0.0 0.7

 3 Cell membrane LDLR LDL receptor 0.0 0.0 0.0 0.0 0.4

 2 Cell membrane EZRI Ezrin (Villin) 0.0 0.0 0.0 0.0 0.2

Fig. 5   Selective protein inclusion in either the GF-MX proteome. 
Relative protein abundance data are shown for four individual pro-
teins (A UROM, B ALBU, C OSTP, D A1AT) illustrating different 
patterns of enrichment comparing normal baseline urine (samples 
a/b, yellow bar) to depleted urine (sample c, yellow bar) and the 
two different matrix phases, GF (black bar) and MX (gray bar). E 
Cumulative abundances for various protein subsets in normal urine 
(a/b) were compared to similarly defined groupings in GF matrix. In 
the normal urine bar 69 proteins were found in urine only (yellow, 
approximately 30 % of total protein mass) dominated by PTGDS and 
ZA2G (prostaglandin D isomerase and zinc-α-2 glycoprotein). In the 

GF matrix bar 8 proteins were uniquely found in this fraction domi-
nated by SPRR3 and S10A8 (light orange, approximately 5 % of total 
protein mass). Overlapping between the two proteome distributions 
were 9 urine proteins that were enriched in GF matrix (block tiled 
gray, illustrated by OSTP and UROM (C, A) Approximately 20  % 
of total urine protein mass, but 75 % of stone matrix protein mass) 
and 10 abundant urine proteins that were detected in lesser abun-
dance in GF matrix (light gray, illustrated by ALBU and A1AT (B, 
D). (Approximately 50 % of total urine protein mass, but only 20 % 
of stone matrix protein mass.) All abbreviations are defined in Table 3 
unless noted

http://www.ingenuity.com
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proteins detected would not change the identity or rela-
tive contribution of the abundant proteins reported. Inter-
estingly, UM sample c contained 43 proteins that were not 
observed in normal urine (a and b), which may indicate an 
altered physiologic response during stone formation.

Discussion

This case illustrates the critical importance of accurate 
stone analysis, as our patient’s true clinical diagnosis and 
definitive treatment were dependent on this information. 
The 24-h urine data predicted risk for stone types (calcium 
oxalate and uric acid in this case) that were not relevant 
to this patient’s disease process, as is frequently observed 
clinically. The discovery of guaifenesin/guaiacol crystals in 
this patient’s stone sample completely redirected her clini-
cal care. Only when presented with this result did she admit 
to long-term extensive use of over the counter medications 
containing guaifenesin (including the timeframe of her first 
stone episodes). The estimated guaifenesin concentration 
of 6 mg/ml could be readily achieved with cold medicine 
products on the market containing 200–600 mg of guaifen-
esin per dose. While it is not a primary focus of this study, 
commercial stone analysis laboratories have been shown 
to perform poorly and misdiagnosis as this patient exam-
ple suggests is very common [4]. The urologic community 
will clearly need to push for higher quality stone analysis 
to fight the trend toward lowest bidder contracts for pathol-
ogy services.

Several apparently unrelated findings are consistent with 
her use of guaifenesin. Her positive tests for methamphet-
amine and amphetamines in urine screenings could eas-
ily have resulted from ingesting cold remedies containing 
ephedrine, a common companion drug, which is known to 
cause false-positive results in drug screening [24]. Guaifen-
esin is a uricosuric agent [25], which likely created urine 
conditions that prompted allopurinol and citrate prescrip-
tions from her initial presentation. Finally, in our ion chro-
matography-based creatinine determinations, we noted sig-
nificant overlap in the peaks for creatinine and guaifenesin/
guaiacol which caused an overestimation of creatinine con-
tent by about 20  %. Consequently, the surprisingly large 
creatinine contents reported in her commercial laboratory 
24-h urine data may well be explained by the presence of 
guaifenesin/guaiacol in these samples, rather than the ini-
tially suspected “over-collection.” Aberrantly high creati-
nine determinations would skew the urine protein to cre-
atinine ratios low, though her values were still normal after 
correction.

At a superficial level, this drug containing stone seems 
quite different from calcium stones, where the matrix 
is only 2–3  % of the stone by weight [1] compared to 

the 60  % matrix content reported here. However, sub-
stantial overlap was noted in Table  3 between the pro-
teomes from the guaifenesin stones and both uric acid 
and calcium-based stones [9–11], implying similarity 
in mechanism. Even the reported proteome from a sin-
gle matrix stone shared many of the same proteins [22]. 
While GF and MX contained somewhat different pro-
teins, they showed the greatest commonality with uric 
acid stone matrix reports, particularly including some 
abundant urine proteins, such as bikunin (AMBP), 
inter-α-trypsin inhibitor (ITIH4), gelsolin (GELS), and 
α-2-macroglobulin (A2MG). The uricosuric effect of 
guaifenesin may explain this similarity due to a physi-
ologic response to elevated uric acid in the urine [25]. 
The fact that many highly abundant urine proteins were 
found in all stone samples suggests that the mechanisms 
underlying protein inclusion in matrix may involve pro-
tein properties that are widely shared.

The data summarized in Fig. 5 and Table 3 demonstrated 
clear evidence that a small subset (9) of proteins with 
moderate-to-high urinary abundance were highly enriched 
in stone matrix and ultimately accounted for 75 % of the 
total matrix mass. Certainly, these nine proteins must domi-
nate the guaifenesin stone-forming process based on their 
overwhelming presence in matrix, through whatever com-
bination of protein–crystal and protein–protein interactions 
constitute this process. The remaining 40 proteins likely 
have no more than a minor influence on the process based 
on their low relative abundance, even though some of these 
proteins were also highly enriched in stone matrix. While 
these nine proteins demonstrated increased abundance in 
GF matrix compared to the patient’s normal urine (sam-
ples a and b), the depletion of these components in sample 
c urine further strengthens support for selective inclusion 
of these proteins in matrix. We do note that UROM and 
OSTP were prominent in this subset, and they have been 
implicated in calcium stone disease also [2, 15]. Of these, 
UROM has been shown previously to be prone to aggre-
gation, possibly related to diminished glycosylation lev-
els, which could trigger crystal aggregation regardless of 
crystal type [18]. Unfortunately, we are unable to compare 
relative enrichment data between stone types to know if the 
same proteins might be enriched in different stone types, 
because earlier studies did not adequately report relative 
abundance data [9–11].

More interesting perhaps for their apparent lack of con-
tribution are the 10 moderate-to-high abundance urinary 
proteins observed in GF matrix, but at lower abundance 
than they were found in urine, including proteins such as 
ALBU, AMBP, and TRFE that were also reported in typi-
cal stones. Their relatively low abundance in GF stone 
matrix suggests that their inclusion was the result of weak, 
nonspecific interactions with either the crystals or more 
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likely the matrix, analogous to that described in studies 
of desialylated UROM with other urinary proteins [18]. 
The desialylated UROM was prone to self-aggregation 
and subsequent aggregation with many other urine pro-
teins, including ALBU. While we cannot say that these 
urine proteins would be inert in typical stone formation, 
the clear implication from this study is that many proteins 
reported in stone matrix may have no significant contribu-
tion to the generation of a stone, and simply appeared as 
innocent bystanders in the stone, because of non-specific 
interactions.

Clearly, the eight proteins unique to the GF sample must 
also be counted as highly enriched, though their relatively 
low abundance (~5  %) in GF matrix argues against them 
playing a major role in stone formation. These eight pro-
teins may have been simply below our detection limit in 
normal urine, because we used tight criteria for protein 
identification by mass spectrometry, but we cannot exclude 
the possibility that they were excreted in response to the 
stone-forming process. Kidney damage has been reported 
with increased exposure to over the counter headache 
medicines, characterized by increased excretion of UROM, 
AMBP, zinc-α-2 glycoprotein (ZA2G), ITIH4, and IGKC 
[26]. ZA2G, a marker of kidney injury in diabetes, was 
enriched in all three urine samples compared to literature 
reports [27], though it was not found in the GF fraction. 
HIS, a very basic nuclear protein associated with kidney 
injury, was found in the stone samples, though not in any of 
the urine samples. IGKC and other immunoglobulins were 
also found in these samples, supporting separately a role 
for immune response [28].

Some drug-induced calcium stones are clearly related 
to supersaturation effects, such as the association of cal-
cium oxalate stones with loop diuretics or calcium phos-
phate stones with the carbonic anhydrase inhibitors [29]. 
Proteomic shifts observed in the current study are likely a 
response to drug crystal interactions with tubular epithelial 
surfaces, but no data have been published for guaifenesin 
drug or crystal toxicity in renal cell culture. Both calcium 
oxalate and uric acid crystals are known to be toxic to renal 
epithelial cells [30, 31]. In the current study, heavy drug 
intake likely contributed to high drug supersaturation and 
crystalluria as previously reported [32]. Cell culture stud-
ies of lung cells exposed to guaifenesin drug concentrations 
have shown decreased excretion of mucin [33], a result 
contrary to this report; however, the presence of numerous 
unique proteins in UM sample c (complement factors C3, 
C5 and C9, factor B, α-2-macroglobulin, and cell surface 
and plasma membrane-related proteins) argues for altered 
physiology at the time of stone formation. In this regard, 
both the GF and MX proteins correlated to network 3, 
which is associated with other disease states (i.e., cancer, 
neurologic disorders, and hepatologic disorders).

Conclusion

This protocol of comparing a patient’s urine proteome to 
their stone matrix proteome demonstrated that only a small 
fraction of proteins were both highly enriched and highly 
abundant in stone matrix, and therefore likely controlled 
the stone-formation process. Conversely, many abundant 
urine proteins were shown to be present in stone matrix 
at reduced abundance levels, consistent with their inclu-
sion being a secondary phenomenon, involving non-selec-
tive processes. The similarities in matrix proteins between 
guaifenesin and more typical stones suggest that the inclu-
sion of many proteins in stone matrix is a universal prop-
erty regardless of stone type; however, the specific protein 
inclusion pattern may differ when compared on the basis 
of both enrichment and abundance. Identifying the proteins 
that regulate stone formation in this manner should help 
elucidate their mechanism of action, which remains a criti-
cal need in understanding stone formation.
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