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ARTICLE INFO ABSTRACT

Edited by Dr. A.M Tsatsaka Background: Wounds with embedded metal fragments are an unfortunate consequence of armed conflicts. In

many cases the exact identity of the metal(s) and their long-term health effects, especially on the kidney, are not

Keywords: known.

Embedded metals Aim of study: The aim of this study was to quantitate the urinary levels of metals solubilized from surgically
Ei;ne implanted metal pellets and to assess the effect of these metals on the kidney using a battery of biomarker assays.
Kidney Materials and methods: Using a rodent model system developed in our Institute to simulate embedded fragment
Biomarker injuries, eight metals considered likely components of an embedded fragment wound were individually

implanted into the gastrocnemius muscle of male Sprague-Dawley rats. The rats were followed for 12 months
post-implantation with urine collected prior to surgery then at 1-, 3-, 6-, 9-, and 12-months post-implantation to
provide a within-subjects cohort for examination. Urinary metal levels were determined using inductively
coupled plasma-mass spectrometry and urinary biomarkers assessed using commercially available kits to
determine metal-induced kidney effects.

Results: With few exceptions, most of the implanted metals rapidly solubilized and were found in the urine at
significantly higher levels than in control animals as early as 1-month post-implantation. Surprisingly, many of
the biomarkers measured were decreased compared to control at 1-month post-implantation before returning to
normal at the later time points. However, two metals, iron and depleted uranium, showed increased levels of
several markers at later time points, yet these levels also returned to normal as time progressed.

Conclusion: This study showed that metal pellets surgically implanted into the leg muscle of Sprague-Dawley rats
rapidly solubilized with significant levels of the implanted metal found in the urine. Although kidney biomarker
results were inconsistent, the changes observed along with the relatively low amounts of metal implanted,
suggest that metal-induced renal effects need to be considered when caring for individuals with embedded metal
fragment wounds.

1. Introduction

Embedded metal fragment wounds are not a new phenomenon. They
have been a potential battlefield injury since the invention of gunpow-
der. However, because of the ballistic properties of the ammunition used
in early weapons, most injuries resulted in death or traumatic amputa-
tion [1,2]. It wasn’t until the development of the full metal-jacketed
bullet around the time of the Spanish-American War that the

survivability from battle wounds improved and the probability of
embedded metal fragments increased [3]. The health risk of embedded
fragments was considered low because they were considered to be inert
once in the body. However, there began appearing in the scientific
literature occasional individual case reports on medical issues associated
with embedded fragment wounds [4-9]. In most instances, these
wounds were suffered during wartime many years prior to the mani-
festation of the adverse health effect.
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While laboratory investigations into the health effects of embedded
metals have been ongoing for many years, these studies have focused
primarily on the safety of implanted medical devices [10]. Little had
been done to assess the long-term health effects of military-relevant
metals and metal mixtures [11]. However, that changed after the First
Persian Gulf War in the early 1990’s when, as a result of friendly-fire
incidents, several U.S. military personnel were wounded by depleted
uranium (DU) fragments. Standard medical advice at that time was to
leave embedded fragments in place. However, due to the unique
chemical and radiological properties of DU, questions were raised over
the wisdom of leaving these fragments in place for the life of the indi-
vidual. Because of the lack of available information on the long-term
effects of embedded DU, preliminary investigations into the bio-
kinetics and toxicology of embedded DU fragments were initiated [12,
13]. Furthermore, due to continuing concerns over the health and
environmental effects of DU munitions, replacement materials were
sought, and several tungsten-based compositions were proposed. How-
ever, when one of these compositions (tungsten/nickel/cobalt) was
tested in a rodent embedded-fragment model system, it was discovered
that this composition induced malignant highly-aggressive rhabdo-
myosarcomas at the implantation sites [14]. Conversely, a material
composed of tungsten/nickel/iron did not result in any tumor formation
[15,16]. These findings further underscore our dearth of knowledge
with respect to the health effects of embedded fragments of
military-relevant metals. Compounding the urgency of this issue is the
fact that the recent conflicts in Iraq and Afghanistan have resulted in
over 45,000 wounded U.S. personnel, with an estimated two-thirds of
these individuals having retained metal fragments. Since standard sur-
gical guidelines recommend leaving embedded fragments in place in an
attempt to balance the potential long-term health risk of the embedded
fragment with the risk of morbidity that extensive surgery brings, these
wounded warriors could carry these fragments for the rest of their lives.
Adding to this dilemma is that due to advances in vehicle armor and
weapons design and the insurgent use of improvised explosive devices
(IEDs), the list of metals and metal mixtures that may potentially be
found as embedded fragments is extensive. As a result, the U.S.
Department of Defense (DOD) and the Department of Veterans Affairs
(DVA) have promulgated a list of “metals of concern” with respect to
embedded fragments [17,18]. However, the biokinetics and toxicolog-
ical properties of many of these metals when embedded as fragments are
not known.

One in vivo property of most embedded metal fragments, regardless
of the system, is that they tend to degrade over time with the resulting
solubilized metal eventually excreted in the urine [12,14,19-23]. This
raises a concern about both acute and chronic effects on the kidney as
the solubilized metal is excreted. Although our group is focused on
embedded metal fragments such as those found in shrapnel wounds,
implanted medical devices have also been found to degrade and release
metals in vivo. For example, cobalt from metal-on-metal hip re-
placements [24], titanium from dental implants [25], and aluminum
from titanium/aluminum/vanadium joint prostheses [26] have been
found in serum and urine. Previously published studies examining metal
effects on kidney function focused primarily on environmental expo-
sures, particularly through drinking water. These studies showed that a
variety of non-essential metals including aluminum [27,28], nickel [29],
lead [30,31], and uranium [32,33] can adversely affect kidney health.
Little is known concerning the in vivo overload of endogenous metals on
renal health, with iron being the most studied [34-36]. In addition,
exposure to environmental metal pollutants via inhalation or dermal
routes can also affect metal excretion patterns as well as kidney well-
being [37-40]. Unfortunately, in many cases these types of exposures
disproportionally affect poorer populations lacking the financial or po-
litical ability to induce change [41]. However, metals are not alone in
disrupting renal health. Exposure to other toxins, including both bio-
logical and chemical, by a variety of exposure routes have been shown to
induce adverse renal effects [42-45].

464

Toxicology Reports 8 (2021) 463-480

This work is part of a larger collaborative effort with the University
of Maryland School of Medicine, the Department of Veterans’ Affairs
Medical Center in Baltimore, the U.S. Food and Drug Administration,
and the University of Kentucky to investigate the potential health effects
of embedded fragments from the “metals of concern” list in our rodent
shrapnel model alongside an expanded human investigation into mili-
tary personnel with a wider array of retained metal fragments. In this
particular study, we followed rodents embedded with metal fragments
for up to 12 months to determine urinary metal levels as a result of
solubilization of the embedded fragments, as well as a series of urinary
biomarkers designed to assess metal-induced renal damage.

2. Materials and methods
2.1. Animals and husbandry

All animal research in this study was approved prior to initiation by
the Armed Forces Radiobiology Research Institute IACUC under proto-
col number 2016—05-006. All procedures involving animals were con-
ducted in compliance with the guidelines found in the Guide for the Care
and Use of Laboratory Animals [46] in an AAALAC-I-accredited facility.
Male Sprague-Dawley (Rattus norvegicus) rats were utilized in these ex-
periments and were obtained from Envigo (Barrier 208A, Frederick,
MD) when approximately 30 days old and 75—100 g. After arriving at
the AFRRI vivarium, rats were allowed to acclimate for at least 2 weeks
prior to the start of experiments. Rats were pair-housed throughout the
study in plastic microisolator cages (23.8 x 45.4 cm) with filter tops and
bedding (Teklab Sani-Chips, Envigo). Bedding was changed 2-3 times
per week. Animal rooms were maintained at 21 + 2 °C with 30-70%
humidity and a 12:12-h light:dark cycle (lights on at 0600). Rats were
fed a standard rat chow (Teklad Global Rodent Diet 8604, Envigo) with
access to water ad libitum.

2.2. Experimental design

Earlier work in our Institute developed a rodent model for the study
of the health effects of embedded metals such as shrapnel wounds [47].
Utilizing that model, we assessed the effects of eight metals of military
relevance including tungsten (W), nickel (Ni), cobalt (Co), iron (Fe),
copper (Cu), aluminum (Al), lead (Pb), and depleted uranium (DU). The
inert metal tantalum (Ta) was used as a control for any changes due to
the surgical procedure or presence of a foreign material in the muscle.
Previous work by us and others [12-14] have shown no differences
between naive rats and tantalum-implanted sham rats. As a result, the
total number of animals needed for the study was reduced and the goals
of the ARRIVE Guidelines met [48]. A within-subjects experimental
design was used with rats (n = 8) randomly assigned to one of the nine
metal implantation groups.

Metal pellets were 1 mm in diameter x 2 mm in length and were
purchased from Alfa Aesar (Ward Hill, MA) with purities greater than
99.99 %, with the exception of DU pellets which were purchased from
Aerojet Ordnance (Jonesboro, TN). Prior to surgical implantation, pel-
lets were cleaned and chemically sterilized as previously described [16].

2.3. Metal implantation procedures

Metal pellets were surgically implanted into the gastrocnemius
muscle of the rats as previously described [49]. Briefly, rats were
initially anesthetized by administration of isoflurane (Baxter Healthcare
Corp., Deerfield, IL) in an induction chamber and then maintained for
the surgical period using a nose cone with a scavenger/recapture sys-
tem. The surgical sites were clipped then swabbed with 70 % iso-
propanol followed by betadine (Purdue Pharma LP, Stamford, CT). A
prophylactic dose of the analgesic buprenorphine (0.05—0.1 mg/kg, s.
c., Rickitt and Colman, Hull, UK) was administered. For identification
purposes, a small transponder (Electronic Lab Animal Monitoring
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System, BioMedic Data Systems, Seaford, DE) was injected subcutane-
ously in the mid-dorsal thoracic region. The transponders were pro-
grammed with a unique animal identification number which can then be
read with a low-power radio frequency scanner. An ear punch was also
performed to serve as a secondary mode of identification in case of
transponder failure. Using aseptic technique, an incision approximately
5 mm in length was made through the skin of each hind leg to reveal the
gastrocnemius muscle. Using a 16-gauge needle and specially designed
plunger, two sterile pellets were implanted into the lateral side of each
gastrocnemius spaced approximately 1.5 mm apart. Following metal
implantation, the incisions were sealed with tissue adhesive (VetBond,
3 M Corp, St Paul, MN). Rats were closely monitored following surgery
until ambulatory. The surgical sites were examined daily for signs of
inflammation, infection, and localized metal toxicity for two weeks
post-surgery and then weekly thereafter for the duration of the study.

2.4. Urine collection with lab sand

Prior to pellet implantation and then at 1, 3, 6, and 9 M post-
implantation, as well as immediately prior to scheduled euthanasia at
12 M post-implantation, urine samples were collected using a previously
published method [50-52]. The hydrophobic sand method is less
stressful than metabolic cage methods and does not introduce metal
contaminants or otherwise affect urine biomarkers. Briefly, for each rat,
300-g (single pack) of hydrophobic sand (LabSand, Coastline Global,
Palo Alto, CA) was spread across the bottom of a mouse plastic
micro-isolation cage (15.2 cm x 25.4 cm, surface area 386 cm?) with a
filtered lid. Rats were singly placed in the prepped cage without food or
water for 2 h with no further restriction on movement. Urine pooled on
top of the sand and was collected immediately by pipette during each
2 h session. Samples were stored at —80 °C until analyzed.

2.5. Euthanasia and tissue collection

Upon reaching their experimental end point or when indicated by
guidelines approved by the IACUC, rats were humanely euthanized by
isoflurane overdose followed by exsanguination and confirmatory
pneumothorax per the guidelines of the American Veterinary Medical
Association [53]. Criteria for euthanasia included tumor size greater
than 1 cm in diameter, loss of greater than 10 % of baseline body weight,
or other indications of approaching moribundity as determined by ani-
mal health assessments. After euthanasia, a complete gross pathology
examination was conducted, and a variety of tissues isolated for anal-
ysis, including brain, liver, heart, lung, popliteal lymph node, tibia,
fibula, femur, gastrocnemius and triceps muscle, spleen, thymus, kid-
ney, bladder, testes, and a fecal sample. The wet weights of liver, spleen,
thymus, kidney, and testes were determined and normalized to body
weight. Tissues for metal analysis were weighed and stored at —80 °C
until analysis. Tissues destined for histopathology were fixed in
zinc-buffered formalin and stored at 4 °C. In addition, immediately prior
to euthanasia, a blood sample was collected from the abdominal aorta of
the anesthetized animal to provide a sample for hematological assess-
ment, as well as isolation of serum for clinical chemistry and metal
analysis. This study focuses on results of urine sample analyses.

2.6. Metal analysis by inductively coupled plasma-mass spectroscopy
(ICP-MS)

All reagents used in this study were of the highest grade available.
Plastic ware and other disposables were obtained from Thermo Fisher
Scientific (Pittsburgh, PA). Urine samples were diluted in ultrapure ni-
tric acid (Optima Ultrapure Grade, Fisher Scientific, Newark, DE) and
metal content determined using an inductively coupled plasma-mass
spectrometer (XSeries 2 ICP-MS System, ThermoFisher, Madison, WI)
equipped with a Cetac ASX520 Autosampler (Cetac Technologies,
Omaha, NE). High-pressure liquid argon, 99.997 %, was used for the
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plasma gas. The instrument was calibrated with external standards of
the appropriate metal standard (SPEX CertiPrep, Metuchen, NJ) in 2%
HNO3. The sample probe was washed with a constant flow of 2% nitric
acid between measurements to prevent carryover. Quantitative analysis
was obtained by reference to the slope of the calibration curve (counts
per second / ng per liter) as well as an internal standard. Urine data were
normalized to creatinine levels (see below). Limit of Detection (LoD)/
Limit of Quantitation (LoQ), in ppb, are as follows: Ta - 0.50/0.91; W -
0.12/0.15; Ni - 0.17/0.21; Co - 0.03/0.06; Fe - 1.08/1.85; Cu - 0.24/
0.54; Al - 0.38/0.44; Pb - 0.02/0.04; U - 0.02/0.07.

2.7. Urine markers

2.7.1. Creatinine

Urine creatinine levels were determined by utilizing a modified Jaffe
reaction [54,55] with a commercially available colorimetric kit (catalog
no. CRO1, Oxford Biomedical Research, Oxford, MI). Reactions were
read at 490 nm in a plate reader (BioTek Synergy Model H1 M Multi-
modal Plate Reader with GEN5 Software, BioTek Instruments, Winooski,
VT). Creatinine concentrations were determined against a standard
curve (0-10.0 mg/dL) and corrected for dilution.

2.7.2. Total protein

Total protein from each urine sample was measured by Bio-Rad
Protein Assay (Bio-Rad Laboratories, Hercules, CA, cat #500—0006),
in triplicate, against a BSA standard curve, in a plate reader (BioTek
Synergy) at 595 nm.

2.7.3. Alkaline phosphatase

Urinary alkaline phosphatase levels were determined using a color-
imetric kit (kit # ab83369, Abcam, Cambridge, MA). The kit uses p-
nitrophenyl phosphate (pNPP) as a phosphatase substrate which turns
yellow when dephosphorylated by alkaline phosphatase. Briefly, sam-
ples and pNPP are added to a 96-well plate and incubated at room
temperature for 60 min. After adding stop solution, the plate is read at
405 nm in a spectrophotometer (BioTek Synergy). Alkaline phosphate
concentration is read from a standard curve and expressed as pmol/min/
mL or pU/mL with an assay range of 10-250 pU.

2.7.4. Beta-2-microglobulin

Urinary beta-2-microglobulin (B2m) was measured using an ELISA
kit (kit # 80666, Crystal Chem Inc., Elk Grove Village, IL). The kit uses a
double antibody sandwich technique where the B2m in the sample binds
to antibodies against B2m bound to the surface of a 96-well plate. Use of
a second anti-B2m antibody conjugated to horseradish peroxidase (HRP)
allows for the determination of beta-2-microglobulin levels against a
standard curve. Briefly, diluted samples are added to the antibody-
coated plate and incubated at room temperature for 60 min. After
washing, the B2m antibody-HRP conjugate is added and the plate
incubated in the dark at room temperature for 10 min. After washing the
plate, HRP Substrate Solution, contained in the kit, is added and the
plate incubated in the dark at room temperature for 10 min. After
stopping the reaction, the plate is read at both 450 and 630 nm in a plate
reader (BioTek Synergy). After subtracting the 630 nm reading from the
450 nm reading to correct for background, the amount of B2m in the
sample can be determined from a standard curve as ng/mL, with an
assay range of 0.156-5 ng/ml.

2.7.5. N-Acetyl-beta-p-glucosaminidase
N-Acetyl-beta-p-glucosaminidase (NAG) urinary levels were deter-
mined using a colorimetric kit (kit # 80390, Crystal Chem Inc.) based on
the ability of NAG to hydrolyze 2-methoxy-4-(2'-nitrovinyl)-phenyl-2-
acetoamido-2-deoxy-p-p-glucopyranoside to 2-methoxy-4-(2'-nitro-
vinyl)-phenol. Making the reaction mixture alkaline results in color
development of the product that can be detected at 505 nm. Briefly, the
assay involves mixing two of the kit reagents and adding that to diluted
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urine samples in a 96-well plate. The plate is then incubated at 37 °C on
a plate shaker (VWR International, Radnor, PA) at 200 rpm for 5 min.
After an initial absorbance reading at 505 nm in a plate reader (BioTek
Synergy), alkaline color development reagent from the kit is added and
the plate incubated for 1 min at 37 °C and 200 rpm on a plate shaker
before a second absorbance reading at 505 nm. Subtracting the initial
reading from the second reading at 505 nm gives the change in absor-
bance per min. This result is compared to the calibration standard
supplied in the kit to obtain NAG concentration in the sample expressed
as [U/L. The linear assay range of the procedure is 0-200 IU/L.

2.7.6. Retinol binding protein

Urinary levels of retinol binding protein (RBP) were determined
using a sandwich ELISA method (kit # ab203362, Abcam). Briefly,
diluted urine samples and the Antibody Cocktail mixture, consisting of
anti-RBP antibody and HRP-conjugated detection antibody, provided in
the kit are added to an antibody-coated plate and incubated for 1 h at
room temperature on a plate shaker (VWR International) set at 400 rpm.
After extensive washing, the HRP substrate 3, 3’, 5, 5'-tetrame-
thylbenzidine (TMB) is added and the plate incubated with shaking
(400 rpm) for 10 min in the dark at room temperature to allow for color
development. After stopping the reaction, the plate is read at 450 nm in
a plate reader (BioTek Synergy). The amount of RBP in the sample is
determined using a standard curve and is expressed as pg/mL. The re-
ported assay linear range is 13.3-850 pg/ml.

2.7.7. Interleukin-18

Interleukin-18 (IL-18) levels in the collected rat urine were assessed
using a sandwich ELISA (kit # EKF57851, Biomatik, Wilmington, DE).
Briefly, after an initial plate washing, samples and standards are added
and the plate incubated at 37 °C for 90 min on a plate shaker (VWR
International) set at 200 rpm. After washing, biotin-labeled antibody is
added, and the plate incubated at 37 °C for 60 min on a plate shaker set
at 200 rpm. After extensive washing, HRP-streptavidin conjugate is
added to the plate and again incubated at 37 °C and 200 rpm; this time
for 30 min. After additional washes, TMB substrate is added and the
plate incubated at 37 °C and 200 rpm, in the dark, for up to 30 min.
After the addition of Stop Solution, the plate is read at 450 nm in a plate
reader (BioTek Synergy). The amount of IL-18 present is determined
from a standard curve. Reported linear range of the assay is
31.25-2000 pg/ml.

2.7.8. Kidney Injury Molecule-1, neutrophil gelatinase-associated lipocalin,
albumin, and osteopontin

Urinary levels of Kidney Injury Molecule-1 (KIM-1), neutrophil
gelatinase-associated lipocalin (NGAL), albumin, and osteopontin
(OPN) were determined using the rat kidney injury panel 1 kit from
Meso Scale Discovery (kit # K15162C, Rockville, MD). The technique
uses a special electrode-containing 96-well plate coated with the
appropriate capture antibodies to bind the analytes of interest. Addition
of detection antibodies conjugated to a proprietary chemiluminescence
tag allow quantitation of the targeted proteins using a Meso Scale Dis-
covery QuickPlex Reader. The instrument applies a voltage to the elec-
trodes in the plate that causes the tagged detection antibodies to emit
light. The intensity of the light provides a quantitative measure of the
analytes in the urine sample, with concentrations determined by com-
parison to a standard curve. Reported linear ranges of the procedure are
as follows: KIM-1 (0.135-9.86 ng/ml); NGAL (0.316-230 ng/ml); al-
bumin (67.2-49000 ng/ml); and OPN (0.0711-51.8 ng/ml).

2.8. Histopathology

Tissues for histopathology were fixed in zinc-buffered formalin (Z-
Fix; Anatech Ltd, Battle Creek, MI), processed and embedded in paraffin,
sectioned at 5-6 mm, and stained with hematoxylin and eosin. Histo-
pathological assessments were conducted by a board-certified
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Table 1
ICP-MS Operating Conditions and Parameters.

Instrument Parameters

Concentric

Conical, with impact bead
Platinum, 1 mm orifice diameter
Platinum, 0.7 mm orifice diameter

Nebulizer type
Spray chamber
Sampler cone

Skimmer cone

Sample uptake rate 1.0 mL/min

Sample read delay 45s
Plasma conditions

RF power 1400 W

Plasma argon gas flow 13.0 L/min

Auxiliary argon gas flow 0.80 L/min

Nebulizer gas flow 0.91 L/min
Mass spectrometer settings

Scanning mode Peak jump

Sweeps 100

Dwell time 500 ps

Channels/mass 1

Acquisition time 10s

Number of readings/replicate 3

Number of replicates 2

veterinary pathologist.

2.9. Statistical analysis

The 12 M-implant group had urine collected at every time point (pre-
surgery (PS), 1M, 3M, 6 M, 9 M, and 12 M) using LabSand, and thus
metal and biomarker analysis using these samples were analyzed as
within-subjects repeated measures (across time): two-way ANOVA, with
Sidak’s multiple comparisons test post-hoc. Mixed-model analysis is
used instead of ANOVA if data is missing. Analyses were performed
using GraphPad Prism Software (version 8.0.1, La Jolla, CA). In all cases
P values < 0.05 were considered significant.

3. Results

In this study, male Sprague-Dawley rats were surgically implanted in
the gastrocnemius muscle with pellets of military-relevant metals (2
pellets per leg). Using the LabSand technique, urine was collected prior
to surgery, then at 1 M, 3 M, 6 M, 9 M, and 12 M post-implantation to
provide urine for a within-subjects evaluation of metal excretion and
urinary biomarkers.

3.1. Urinary metals

Operating conditions and parameters for the ICP-MS are found in
Table 1. Urine metal concentrations, normalized to creatinine levels, are
presented in Fig. 1. Tungsten values are presented in Panel A, comparing
Ta-implanted (control) rats to W-implanted rats; Fyjpe(560) = 45.27,
P < 0.0001, Fretal(114) = 156.4, p < 0.0001, Finteraction(560) = 20.37.
At all times from implant with the exception of pre-surgery (PS), W was
higher in urine from the W-implanted animals than from Ta-implanted
animals (1 M, 3M, 6 M, 9 M, 12 M, *p < 0.0001 for all). Nickel values
are presented in Panel B, comparing Ta-implanted rats to Ni-implanted
rats; Fiime(332) = 33.47, p < 0.0001, Fpera1(114) = 124.8, p < 0.0001,
Finteraction(332) = 30.14, p < 0.0001, noting that analysis drops the 9 M
and 12 M groups because Ni-animals were euthanized prior to this point
due to tumor formation and no data exists for comparison. Ni was higher
in urine from the Ni-implanted animals compared to the Ta-implanted
animals at 1 M, 3 M, and 6 M collection times (*p < 0.0001 for all).
Cobalt values are presented in Panel C, comparing Ta-implanted rats to
Co-implanted rats; Fme(557) =5.032, p = 0.0007, Fpeta(114) =
54.67, p < 0.0001, Finteraction(557) = 4.760, p = 0.0011. Co was higher
in urine from the Co-implanted rats than from Ta-implanted rats at all
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Data presented as target metal concentration normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel
compares values in urine from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). (A) tungsten,
(B) nickel, (C) cobalt, (D) iron, (E) copper, (F) aluminum, (G) lead, (H) uranium. Error bars represent standard error of the mean. An * indicates a post-hoc test

between Ta- and target metal-animals at that time point, p < 0.05.

collection times except PS and 12M (1 M and 3 M *p < 0.0001, 6 M
*p = 0.0005, 9 M *p = 0.0094). Iron values are presented in Panel D,
comparing Ta-implanted rats to Fe-implanted rats; Fme(442) = 1.662,
P =0.1769, Fpea1(114) = 1.248, p = 0.2828, Fipteraction(442) = 2.327,
p = 0.0718, noting that the 12 M data set was dropped from analysis
due to lack of adequate urine samples. There were no significant post-
hoc differences between metal and control at any time period.

Copper values are presented in Panel E, comparing Ta-implanted rats
to Cu-implanted rats; Fime(555) = 6.143, p = 0.0001, Fera(114) =
1.393, p = 0.2576, Finteraction(555) = 1.264, p = 0.2927. There were no
significant post-hoc differences between metal and control at any time
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period. Aluminum values are presented in Panel F, comparing Ta-
implanted rats to Al-implanted rats; Fime(442) = 1.848, p = 0.1377,
Frnetal(114) = 4.076, p = 0.0631, Finteraction(442) = 2.876, p = 0.0342,
noting the PS data set was dropped from analysis due to errors
measuring Al for this set. Aluminum in urine from the control Ta-
implanted animals is higher than in Al-implanted animals at 1 M
(*p = 0.0023) but is not significantly different at any other time point.
Lead values are presented in Panel G, comparing Ta-implanted rats to
Pb-implanted rats; Fje(452) = 6.829, p = 0.0002, Fyeta(114) = 10.71,
p = 0.0019, Finteraction(452) = 4.554, p = 0.0031, noting the 6 M data
set was dropped from analysis due to lack of adequate urine samples. Pb



J.F. Hoffman et al.

Table 2
Potential Urinary Biomarkers of Kidney Injury.

Nephron Location Marker(s)

Glomerulus Albumin, f2m

Proximal Tubule Albumin, 2 m, IL-18, KIM-1, NGAL, NAG, OPN, RBP
Loop of Henle OPN

Distal Tubules OPN, NGAL, NAG, IL-18, ALP

Collecting Duct NGAL

was higher in urine from Pb-implanted animals compared to Ta-
implanted animals at 1 M (*p = 0.0016) and 3 M (*p = 0.0008) after
implant. Uranium values are presented in Panel H, comparing Ta-

>
w

Albumin in Urine

Albumin in Urine
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implanted rats to DU-implanted rats; Fyinne(553) = 8.153, p < 0.0001,
Frmetal(114) = 40.49, p < 0.0001, Finteraction(553) = 7.881, p < 0.0001.
Uranium was higher in urine from DU-implanted animals compared to
Ta-implanted animals for all time points except pre-surgery (PS) and
12M (1 M, 3M, and 9 M *<0.0001, 6 M *p = 0.0028).

3.2. Urinary biomarkers

An overview of urinary markers associated with the site of potential
nephron damage is given in Table 2. As can be seen, most nephron lo-
cations are represented by multiple markers and markers can be linked
to more than one location. The compiled urinary marker data is
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Fig. 2. Urinary albumin levels.

Data presented as albumin normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of

the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.
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Fig. 3. Urinary ALP levels.
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Data presented as ALP normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of
the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

presented as a figure for each individual urinary marker. Within each
figure, data is always presented as the black circles/line as the values for
the Ta-implanted (control) animals, and the blue squares/line as the
values for the test metal-implanted animals. Panels follow the pattern of
(A) tungsten, (B) nickel, (C) cobalt, (D) iron, (E) copper, (F) aluminum,
(G) lead, and (H) DU. F-value statistics for the metal, time from implant,
and interaction variables are listed in the figure legend. Just like with
metal analysis, all biomarker analyses in panel B (Ta-implanted vs Ni-
implanted) drop the 9 M and 12 M groups because Ni-animals were
euthanized prior to this point due to tumor formation at the pellet im-
plantation site and therefore no data exists for comparison. In addition,

469

assay values for IL-18 were below the limit of detection (data not
shown).

Albumin values are presented in Fig. 2. In the pre-surgery urine
collection, even though no embedded metal is present, albumin is higher
in urine from Co-implanted animals (*p = 0.0128) and Cu-implanted
animals (*p = 0.0277) than Ta-implanted animals. At the 1 M collec-
tion time point, albumin is lower in urine from W-, Ni-, Co-, Fe-, Cu-, and
Al-implanted animals than from Ta-implanted animals (*p = 0.0006,
*p = 0.0041, *p = 0.0301, *p = 0.0038, and 1 M *p = 0.0002, respec-
tively). There were no other significant differences in urine albumin
concentration between Ta- and other metal-implanted animals.
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Data presented as B2m normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of
the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

ALP values are presented in Fig. 3. Similar to albumin, ALP is higher
in urine from Co-implanted animals (*p < 0.0001) and Cu-implanted
animals (*p = 0.0002) than from Ta-implanted animals at the pre-
surgery collection period. At the 1 M collection time point, ALP is
lower in urine from W-, Ni-, Co-, Fe-, and Al-implanted animals than
from Ta-implanted animals (*p < 0.0001, *p = 0.0002, *p = 0.0003,
*p < 0.0001, and *p < 0.0001, respectively). There were no other sig-
nificant differences in urine ALP concentration between Ta- and other
metal-implanted animals.

B2m values are presented in Fig. 4. In the pre-surgery collection
period B2m is higher in urine from Cu-implanted animals than from Ta-
implanted animals (*p = 0.0415). In the 1 M collection time point B2m
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is lower in urine from W-, Ni-, Co-, Fe-, and Al-implanted animals than
from Ta-implanted animals (*p < 0.0001, *p < 0.0001, *p < 0.0001,
*p < 0.0001, *p < 0.0001, and *p = 0.0011, respectively). There were
no other significant differences in urine B2m concentration between Ta-
and other metal-implanted animals.

NAG values are presented in Fig. 5. In the 1 M collection time point
NAG is lower in urine from Ni-implanted animals than from Ta-
implanted animals (*p = 0.0015). At the 9 M collection time point,
NAG is lower in urine from Co- and Cu-implanted animals than from Ta-
implanted animals (*p < 0.0001 and *p = 0.0436, respectively), but
higher in DU-implanted animals compared to Ta-implanted controls
(*p < 0.0001). There were no other significant differences in urine NAG
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Fig. 5. Urinary NAG levels.
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Data presented as NAG normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of
the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

concentration between Ta- and other metal-implanted animals.

RBP values are presented in Fig. 6. RBP is higher in urine from W-
implanted animals than Ta-implanted animals at the 9 M time point
(*p < 0.0001), higher in urine from Fe-implanted animals than Ta-
implanted animals at the 6 M time point (*p = 0.0308), and higher in
urine from DU-implanted animals than Ta-implanted animals at the 3 M
time point (*p = 0.0193). There were no other significant differences in
urine RBP concentration between Ta- and other metal-implanted
animals.

NGAL values are presented in Fig. 7. In the pre-surgery urine
collection, even though no embedded metal is present, NGAL is higher in
urine from Co-implanted animals (*p = 0.0182) and Cu-implanted
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animals *p = 0.0024) than Ta-implanted animals. At the 1 M collection
time point, albumin is lower in urine from W-, Ni-, Co-, Fe-, and Al-
implanted animals than from Ta-implanted animals (*p < 0.0001,
*p =0.0003, *p=0.0083, *p=0.0101, and *p < 0.0001, respec-
tively). At the 6 M collection time point, NGAL is higher in urine from
Fe-implanted animals than from Ta-implanted animals (*p = 0.0003).
There were no other significant differences in urine NGAL concentration
between Ta- and other metal-implanted animals.

OPN values are presented in Fig. 8. The only significant difference in
OPN expression was at the 3 M collection time point, OPN is higher in
urine from DU-implanted animals than Ta-implanted animals
(*p = 0.0003).
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Data presented as RBP normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of
the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

KIM-1 values are presented in Fig. 9. In the pre-surgery urine
collection KIM-1 is higher in urine from Co-, Cu-, and Al- implanted
animals than Ta-implanted animals (*p = 0.0009, *p = 0.0018, and
*p = 0.0189, respectively). At the 1 M collection time point, KIM-1 is
lower in urine from W- and Ni-implanted animals than from Ta-
implanted animals (*p = 0.0049 and *p = 0.0003). KIM-1 is higher in
urine from Fe-implanted animals than Ta-implanted animals at the 6 M
collection time point (*p = 0.0011).

Total protein values are presented in Fig. 10. In the pre-surgery urine
collection total protein is higher in urine from Co- and Cu- implanted
animals than Ta-implanted animals (*p = 0.0071 and *p = 0.0153,
respectively), and at the 1 M urine collection time point total protein is
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lower in urine from W- and Ni-implanted animals compared to urine
from Ta-implanted animals (*p=0.0463 and *p=0.0041,
respectively).

Creatinine values are used to normalize other urine biomarker values
because it is a commonly accepted value to correct for changes in urine
volumes, especially in spot tests like the collections with LabSand. Raw
values of creatinine collected from all urines are shown in Fig. 11. There
is some variation within animals across time as well as between implant
treatment groups. Two points of note is that the creatinine in urine from
the Ta-implanted 1 M time from implant collection period is the lowest
of all the Ta-implanted animal urines, as well as the lowest of all of the
urines collected during this time period. This could explain why so many
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Fig. 7. Urinary NGAL levels.

Time from implant

Data presented as NGAL normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of
the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

biomarkers are higher in the Ta-implanted animals compared to the
other metal-implanted animals at the 1 M time point. Similarly, the Ni-
implanted animals had a very high level of creatinine compared to all
the other groups at the 3 M time period.

To examine the overall variation in the urinary biomarkers, a “heat
map” depicting biomarker changes is displayed in Fig. 12. Significant
decreases (red squares) are seen in many of the biomarkers at the 1 M
post-implantation time point for several of the metals most notably W,
Ni, Co. Fe, and Al. These markers were then not statistically different
than control values (yellow squares) at subsequent assay points. Both Fe-
and DU-implanted rats showed significantly increased excretion of
several biomarkers over control (green squares) at later time points,
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although this increase was transient. However, the biomarkers that were
increased are indicative of proximal tubule damage.

3.3. Histopathology

Histopathological examination of kidneys from the metal-implanted
rats showed no metal-specific abnormalities. Chronic progressive ne-
phropathy was observed in all experimental groups; however, this is a
common age- and strain-related condition.
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Fig. 8. Urinary OPN levels.
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Data presented as OPN normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of
the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

4. Discussion

Injuries with embedded metal fragments are an inevitable result of
armed conflicts. In some cases, the embedded fragment is the primary
injury sustained, while in other instances it might be secondary to a
more significant trauma. Regardless, the short- and long-term health
effects of embedded metal fragments are an emerging medical concern.
Compounding the issue is the fact that there is no limit (other than the
periodic table) of what metals might be found in an embedded fragment
wound and, for the most part, the toxicological and carcinogenic effects
of many metals are not yet known. Previous research on embedded
metal fragments suggests that many are capable of solubilizing with the
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released metal ions being excreted in the urine and, in some cases,
sequestering in specific organs of the body [12,14,16,21-23,56].
Because of the recent conflicts in Iraq and Afghanistan, the U.S.
Department of Defense and the Department of Veterans’ Affairs have
developed a list of “metals of concern” with respect to embedded frag-
ment injuries [17,18]. In this study we selected metals from that list and,
using a rodent model to study the effects of embedded metals, assessed
the associated health effects. We report here the urinary levels of these
metals as well as their effects on a battery of renal biomarkers using a
within-subjects experimental setup.

For most of the metals tested, significantly elevated levels were
measured in the urine starting at 1 M post-implantation with elevated
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Fig. 9. Urinary KIM-1 in urine.
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Data presented as KIM-1 normalized to creatinine values in urine collected from multiple time points from individual animals. Each panel compares values in urine
from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard error of
the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

levels continuing for the life of the animal. However, three of the metals
tested showed no significant increase in urinary levels. Urinary levels of
iron, copper, and aluminum in the metal-implanted rats were not
different than that of control animals. It should be noted that there are
significant levels of these metals in the tap water used for animal care in
our facility [50,51] and excretion of these endogenous metals may have
masked any subtle changes in metal excretion due to solubilization of
the implanted pellets. It should also be noted that to minimize collection
time and thus eliminate any undue stress on the rats, urine collections
were limited to a two-hour period with the hydrophobic sand. Basically,
this represents a spot collection rather than the historical standard of a
24-h collection in a confined-space metabolic cage. However, we had
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previously demonstrated no difference in urinary parameters between
equal-time collections using hydrophobic sand versus metabolic cage
[50-52].

The same spot-collection caveat applies when considering the anal-
ysis of the urinary markers of kidney damage. Because of the complex
composition (structure/function) of the kidney, it is generally agreed
that multiple biomarkers will be required to adequately assess adverse
effects induced by a potential toxin [57-59]. Of the urinary biomarkers
measured, many were decreased at 1 M post-implantation for practically
all the metals tested, except for depleted uranium. Whether this is a
result of decreased expression or excretion of the various proteins, an
increase in reabsorption in the kidney, or only an artifact of normalizing
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urine from the Ta-implanted animals as controls (black circles/line) vs specific target metal-implanted animals (blue squares/line). Error bars represent standard
error of the mean. An * indicates a significant difference between Ta- and target metal-animals at that time point, p < 0.05.

to low creatinine expression in the 1 M control (Ta-implanted) animals
is not known at this time. After the 1 M time point, all markers assessed
return to control values. For the iron group at the 6 M post-implantation
point, RBP, NGAL, and KIM-1 were all significantly higher than control
indicating potential damage to the proximal tubule region of the kidney
even though urinary iron levels were not significantly different. How-
ever, this biomarker increase was transient, as values returned to control
by 9 M. Similar increases in several proximal tubule markers were seen
at 3 and 6 M post-implantation in the DU group. Again, over time these
markers returned to control levels. Uranium is a known kidney toxin that
damages the proximal tubule area and embedded fragments of DU have

476

been shown to affect several proximal tubule markers [60]. It should be
noted however that the amount of DU implanted in those rats far
exceeded the amount implanted in this study, indicating that even low
amounts of embedded DU, once solubilized, can adversely but tran-
siently affect the kidney. In addition, it has been proposed that the
kidney has a substantial capacity to repair its tubular epithelial regions
[61] and that repaired epithelium appears more resistant to further
uranium-induced damage [62]. It should also be noted that along with
being indicators of renal damage, some of the urinary biomarkers also
participate in the repair of damage. For example, KIM-1 is a biomarker
of both acute and chronic renal injury [63]. However, its
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over-expression in proximal renal tubular epithelial cells induces the
transformation of these cells into those with phagocytic ability. These
cells in conjunction with KIM-1 can identify and eliminate apoptotic
bodies resulting from the programmed death of damaged cells [64].
Further, by activation of the ERK/MAPK pathway, over-expression of
KIM-1 promotes the proliferation of renal tubular epithelial cells which
helps to initiate renal repair [65]. Although there were limited signifi-
cant differences in urinary levels of KIM-1 as a result of metal implan-
tation, it is not known whether even low levels of KIM-1 could initiate
renal repair thus preventing more extensive damage as metal-exposure
times increase. This could also explain the return to “normal” values
of many of the urinary markers that showed deviations from control at
the 1 M post-implantation time point but showed no significant differ-
ences at the later time points. Most notably, histopathological exami-
nation indicated no overt signs of long-term renal damage. Although
well beyond the scope of this study, an investigation into KIM-1
expression changes as a result of metal implantation and its concomi-
tant role in the repair of damaged renal tubular epithelial cells, espe-
cially with respect to the signaling pathways involved, would be
worthwhile.

During the development and validation of this rodent embedded
fragment method an attempt was made to correlate urine uranium levels
found in U.S. military personnel wounded with DU fragments with
embedded DU pellets in the rat. It was found that from 4 to 20 implanted
pellets implanted per rat gave a reasonable correlation with respect to
urine uranium levels in wounded individuals [47]. It is not known
whether these assumptions would hold for other military-relevant
metals. In fact, to minimize potential adverse health effects due to
excessive metal loads and based upon our earlier studies, we implanted a
limited number of pellets. As such, apart from nickel, there were no
metal-associated adverse health issues observed. Most notable was the
absence of overt renal effects as determined by histopathological ex-
amination of the kidney. Nickel, a known carcinogen, did result in 100 %
tumor formation at the metal implantation site [49] resulting in the
early euthanasia of this cohort. Cobalt also induced tumors at the im-
plantation site (87 % incidence), as did copper (13 % incidence); how-
ever, in neither case were the tumors severe enough to warrant
euthanasia under our IACUC protocol [66]. It can be difficult to compare
surgically implanted metal pellets in rodents to metal loads in wounds
suffered by humans due to the paucity of case reports. However, a recent
publication reporting on the metal mobilization from embedded frag-
ments removed from an Iraq War veteran included a thorough descrip-
tion of the physical characteristics, including size, of the surgically
excised fragments [21]. Although the wounded individual had many
retained fragments, only three were surgically removed because of
discomfort. Based on the reported size, we calculated the volume of
these fragments which ranged from 0.5 mm? to 200 mm?®. The volume of
a single pellet (1 mmx2mm) used in our study is 1.57 mm®.
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Fig. 11. Urinary creatinine values.

Data presented as creatinine (mg/mL) in urine samples
without normalization, since this data is used to
normalize metal and other biomarker concentrations.
Within subject values are presented as connected lines
for a particular metal implant group over urine
collection times. Ta — black circle, W — red open circle,
Ni — green square, Co — blue open square, Fe — purple
triangle, Cu — pink upside down triangle, Al —light blue
diamond, Pb — teal hexagon, DU — orange star.

Ta-implanted rats
W-implanted rats
Ni-implanted rats
Co-implanted rats
Fe-implanted rats

¥t howd e

Cu-implanted rats
Al-implanted rats
Pb-implanted rats

t ¢

DU-implanted rats

Calculating the “human equivalent” of this one pellet gives an estimated
volume range of 190 to 366 mm?® assuming an average rat pre-surgery
mass of 300 gm or average pre-euthanasia mass of 580 gm, respec-
tively, as well as the standard “reference man” mass of 70 kg [67].
Therefore, the volume of one rat-implanted pellet is comparable to the
volume of a reported excised fragment from a wounded individual.

5. Conclusion

This study demonstrated that pellets of military-relevant metals
implanted in the gastrocnemius muscle of rats to simulate a shrapnel
wound solubilized over time. With few exceptions, the metals were
excreted in the urine of the implanted rats at significantly higher levels
than in control animals. While the implanted metals had limited effects
on urinary kidney biomarkers, we would expect that increased metal
loads would result in much more extensive renal damage based upon our
metal excretion results. This study suggests the need for continued
surveillance of individuals wounded with metal fragments with urinary
metal levels and kidney biomarker assays of particular importance.
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