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Impact of dietary zinc on stimulated zinc
secretionMRI in thehealthyandmalignant
mouse prostate
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Xiaodong Wen8, Pooyan Khalighinejad8, Daniel Parrott8, Xiaojing Wang8, Patricia Gonzalez Pagan1,
Neil Rofsky9, Michael Farquharson10 & A. Dean Sherry8,11,12

Previous studies have shown that the zinc-responsive MRI probe, GdL1, can distinguish healthy
versusmalignant prostate tissues based upon differences in zinc content and secretion. In this study,
mice were fed chow containing low, normal, or high zinc content for 3 weeks before imaging glucose
stimulated zinc secretion (GSZS) by MRI. The distribution of zinc in prostate tissue in these three
groups was imaged by synchrotron radiation X-ray fluorescence (SR-XRF). A zinc deficiency caused
systemic and organ-level dysregulation, weight loss, and altered zinc bioavailability. Zinc efflux from
the prostate increased in parallel to dietary zinc in healthymice but not in TRAMPmice, consistentwith
a lowered capacity to store dietary zinc in malignant cells. This differential zinc efflux suggests that a
dietary supplement of zinc prior to a GSZS study may enhance image contrast between healthy and
malignant prostate tissue, thereby improving the accuracy of prostate cancer detection in man.

Divalent zinc (Zn2+) is an essential trace element that playsmany important
roles in biology including a direct catalytic role in several metalloenzymes
and a structural role in hundreds of zinc finger transcription factors1. Such
catalytic and structural proteins have a high affinity for Zn2+with Kd values
in the range, 10−12 to 10−15 M2. Zn2+ ions also regulate the immune system
modulating cell redox by interacting with dozens of different thiol-rich
metallothionein proteins3 and in cell-cell communication, cell proliferation,
differentiation, and survival4. These physiological-type functions typically
involve lower affinity Zn-protein and Zn-small molecule interactions that
are kinetically very dynamic and primarily controlled by “freely” available
Zn2+ in a cell. The amount of Zn2+ available for these cellular activities is
regulated by several Zn2+ transporter proteins that either export Zn2+ out of
cells or into subcellular compartments or vesicles to reduce freely available
cytosolic Zn2+ (the ZnT family) or import Zn2+ into cells or out of sub-
cellular vesicles to increase the amount of free Zn2+ in the cytosol (the Zip
family)5–7. Thus, the amount of freely available Zn2+ in the cytosol of cells is

largely controlled by the location and activity of these transporters7. One of
the best known and widely studied transporters, ZnT8, imports Zn2+ from
the cytosol of β-cells into vesicles for storage with insulin. It is thought that
Zn2+ aids in crystallization of insulin so that more can be packaged into
small-sized granules which can easily migrate to the cell surface for
exocytosis8. Upon secretion of insulin in response to an increase in plasma
glucose, the weakly bound Zn2+ ions are also released and the excess Zn2+

surrounding β-cells can be detected using optical dyes9–11 or, as demon-
strated recently, by use of a Zn-responsive MRI contrast agent in vivo12–15.
Imaging glucose-stimulated zinc secretion (GSZS) from the in vivopancreas
by MRI not only detects individual islets in the intact pancreas but also
distinguishes between islets that respond immediately to an increase in
glucose (rapidly responding islets) from those that release insulin more
slowly14.

ImagingGSZS from themouse pancreas byMRI led to the unexpected
finding that Zn2+ is also secreted from the mouse prostate in response to a
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sudden increase in plasma glucose16. It is well-known that the human
prostate containsmore totalZn2+ thananyother tissue inmanand thatZn2+

levels drop significantly inmalignant prostate tissues (see reviews17–19). This
raised the question of whether imaging Zn2+ secretion (GSZS) by MRI
might reflect differences in Zn2+ content in healthy versus malignant
prostate tissue. Indeed, hypointense foci (reflecting a lack of Zn2+ secretion)
were detected in prostate images of TRAMPmice16 and in older male dogs
with enlarged prostates (BPH)20. A further study of zinc content in mouse
prostate as measured by synchrotron radiation X-ray fluorescence
(SR-XRF) showed that glucose stimulates movement of Zn2+ from
the glandular lumen to the stromal and interstitial spaces where it comes
into contact with the Zn-responsive MR contrast agent21. Although the
mechanism by which glucose triggers Zn2+ secretion has not been fully
delineated, a recent study in human immortalized prostate epithelial cells,
PNT1A, showed that exposure of cells to high glucose initiated rearrange-
ment of zinc transporters that resulted in net export of Zn2+ from cells via
ZnT1 and an increase in lysosomal storage of Zn2+ via ZnT4 transporters22.
Further comparative experiments in PNT1A cells versus the in vivo mouse
prostate using various inhibitors and secretagogues have shown that
glycolytic flux is necessary to initiate GSZS in vivo23.

Given that the dietary zinc intake can be variable amongst men, the
motivation and novelty of the current study was to examine the impact of
altered dietary Zn2+ on 1) total zinc content in prostate tissues (by SR-XRF)
and on 2) glucose-stimulated zinc secretion (by MRI) in healthy control
mice and in TRAMP (transgenic adenocarcinoma of the mouse prostate)
mice. TRAMPmice, a common model in studies of prostate cancer (PCa),
spontaneously develop cancer a few weeks after birth21. After 3 weeks of
controlled feeding, MR images of the prostate were collected before and
after i.p. injection of glucose to stimulate zinc secretion. After collection of
multipleMR images over 10min, each animal was sacrificed at 10min after
injection of glucose, the prostate was quickly removed and frozen, and
blood was collected for analysis. The frozen tissues were later sliced,
mounted, and prepared for SR-XRF analyses. The data show only minor
differences in total Zn2+ content in prostate tissue in animals fed chow
containing0.05ppm,30ppm,or 150ppmtotal zincover3weekswhileZn2+

efflux as measured by GSZSMRI increased significantly in healthy animals
in proportion to the amount of dietary Zn2+ but not in TRAMP animals.
These combined results show that the zinc content of prostate tissue is not
impacted significantly by dietary Zn2+ but that Zn2+ ismore readily released
from healthy prostate epithelial cells than malignant cells in response to
increasedplasma glucose.These results suggest that a dietary supplement of
Zn2+ prior to a GSZS study in men may augment image contrast between
healthy and malignant prostate tissue and thus facilitate prostate cancer
detection by MRI.

Results
Study design and physiological effects of altered dietary zinc on
metabolism and mineral bioavailability
In this study, we used a combination of molecular magnetic resonance
imaging (MRI) and synchrotron radiation X-ray fluorescence (SR-XRF)
imaging to interrogate the systemic and prostatic adaptations to dietary
alterations in zinc content. Here, wildtype (WT) and transgenic adeno-
carcinoma of the mouse prostate (TRAMP) mice were fed either a zinc
deficient (0.05 ppm), sufficient (30 ppm), or supplemented (150 ppm) diet
for 21 days prior to imaging. Animals (16 weeks and 24 weeks of age) were
fasted overnight prior to imaging. GSZS was initiated by bolus injection of
glucose in the presence of the zinc probe, GdL1, as described previously13.
GdL1 binds with Zn2+ ions released from cells (KDZn = 118 nM) and that
binary complex then forms a ternary complex with albumin which is
detected as an increase in T1 relaxivity (r1). Previous molecular modeling
and binding studies showed that GdL1 binds at two different sites on
albumin with Zn2+ acting as a bridge between GdL1 and albumin13. Fig. 1
illustrates the mechanism. Zinc-free GdL1 has a r1 = 5.1mM−1s−1 (0.5 T)
which increases to r1 = 11.4mM−1s−1 in the presence of Zn2+ and albumin, a
change that results in an increase in image intensity in T1-weighted MR

images. T1-weightedMRI scans were obtained before and after i.v. injection
of 0.06mmol/kg GdL1 and i.p. injection of 2.2 mmol/kg glucose. ThreeMR
images were collected serially over 10min before each animal was eutha-
nized and theprostate removedand frozen for later SR-XRFanalyses. 10 μm
tissue slices were mounted on glass slides for H&E, and an adjacent 50 μm
slice wasmounted onXRF-compatible film and holder, as shown in Fig. 1B.
Blood samples were also collected for analytical measurement of Gd and
Zn by ICP-MS.

Prior to imaging, eachanimalwasweighed, andbloodwas collected via
a tail vein puncture to measure blood glucose before and after adminis-
tration of GdL1 and glucose. After euthanasia, whole blood was collected,
and serumwas separated by centrifugation. As shown in Fig. 2A, alterations
in dietary Zn affected the median weight of healthy animals; animals
on a zinc-deficient diet had a significantly lower median weight
(W0.05 ppm = 28.0 ± 2.20 g) compared to animals who received a zinc-
sufficient diet (W30 ppm = 30.4 ± 1.44 g, p = 0.0061). TRAMP animals
held on a zinc-deficient diet were also significantly underweight compared
to those fed a normal zinc diet and a zinc-supplemented diet;
W0.05 ppm = 26.9 ± 2.85 g vs. W30 ppm = 30.1 ± 3.08 g (p = 0.0199) vs.
W150 ppm = 29.1 ± 3.4 g (p = 0.0208).

Dietary Zn effects on body weight, blood glucose (BG) manage-
ment, and zinc bioavailability in health and prostate cancer
These data are reported as differential percentage (as outlined in Methods
and in Fig. 2B) forWT and TRAMP animals that receivedGdL1, and either
2.2mmol/kg glucose or saline as control. Both WT and TRAMP animals
who received glucose exhibited no difference in BG after 10min of exo-
genous glucose administration at any dietary zinc level. For the saline group,
BG 10min post GdL1 either remained unchanged in animals on a
zinc deficient (0.05 ppm) (−3.65 ± 28.43%) or normal diet (30 ppm)
(−17.8 ± 13.9%) but decreased significantly in animals fed a zinc supple-
mented (150 ppm) diet (−27.1 ± 14.4%, p = 0.013). This suggests that
injection of GdL1 alone has an impact on BG when zinc is in excess.

Total serumzinc (asmeasuredby ICP-MS)was relatively insensitive to
levels of dietary zinc in WT and TRAMP animals and independent of
glucose versus saline injection (Fig. 2C and Supplementary Fig. 1S). How-
ever, a slight trend emerges when comparingWT and TRAMP animals fed
the same diet. For animals on a zinc-deficient diet, WT animals had sig-
nificantly higher levels of serum zinc (23.33 ± 3.08 µM) compared to
TRAMP animals (20.07 ± 3.01 µM, p = 0.0148). Conversely, in the same
comparison for animals fed the high zinc diet, the TRAMP animals dis-
played a higher amount of serum Zn content (24.51 ± 5.13 µM) compared
to WT animals (20.44 ± 2.11 µM, p = 0.0081). In animals fed a normal (30
ppm) zinc diet, serum zinc was identical in bothWT and TRAMP animals
(21.09 ± 3.98 µM vs. 22.38 ± 2.06 µM, p = 0.4554). These combined results
suggest that WT animals respond to a zinc deficiency by increasing the
bioavailability of zinc in serumwhileTRAMPanimals lose their ability to do
so (23.3 ± 3.08 µMvs. 20.4 ± 2.11 µM, p = 0.0375).Conversely, excess zinc is
processed differently in healthyWTanimals compared toTRAMPanimals.
In a state of zinc overload, healthy animals respond by decreasing the
bioavailability of zinc in serum, while TRAMP animals have less capacity to
normalize zinc levels.

The impact of dietary zinc on the distribution of zinc in prostate
tissue by SR-XRF
Figure 3A shows a representative H&E section, XRF freeze-dried adjacent
section, andXRF quantified image of prostate from a healthy controlmouse
feda 0.05 ppmZndiet. FromH&E, the ventral, lateral, anddorsal lobeswere
delineated based on anatomical references as outlined in our previous
work21. Here we can appreciate that the distribution of zinc differs between
lobes where the lateral prostate lobe contains the highest zinc. Fig. 3B
summarizes the elemental distributionofZn,Gd,Cu, Fe, andCawithin each
lobe as a function of dietary zinc in WT and TRAMP, raw concentration
maps show the elemental distribution for both WT and TRAMP in Sup-
plementary Figs. 4 and 5S, respectively. In general, zinc is consistently
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slightly higher in the lateral lobe ofWTanimalswhileCa appears to bemore
concentrated in the ventral lobes (Fig. 3B).As shown inprevious reports,Gd
in tissue was detected after intravenous injection of a small Gd-based
probe21,24, here we found that the distribution of Gd in the three prostate
lobes did not differ. Fig. 3C shows a comparison of zinc concentrations
between the lateral versus ventral lobes. Here, although not statistically
significant, the prostate ofWTanimals showedwide variations in zinc in the
lateral lobes (±glucose) whereas the TRAMP lateral lobe did not show
variations in zinc (±glucose). The ventral lobes in either theWTor TRAMP
animals (±glucose) do not show this same trend consistent with the lateral
lobe being largely involved in zinc storage and secretion.

The impact of dietary zinc on glucose-stimulated zinc secretion
(GSZS) as measured by MRI
As demonstrated in several previous publications16,21,25, a rapid increase in
plasma glucose stimulates secretion of Zn2+ ions from the healthy pros-
tate, and this is easily detected by the zinc-sensitive MRI contrast agent,
GdL1. The XRF data described above show that variations in dietary zinc
do not profoundly impact the amount of zinc stored in prostate tissue.
Unlike XRF, which measures total tissue zinc, the MRI experiment only

detects secretion of zinc ions from an intracellular storage depot into
extracellular space, where it encountersGdL1. The images in Fig. 4A show
that theWTprostate is nicely enhanced in all three groups ofmice fed low,
normal, and high levels of dietary zinc in response to an injection of
glucose. The prostate images were also slightly enhanced when animals
were injected with saline as a control, reflecting image enhancement
simply due to the distribution ofGdL1 in extracellular spaces.However, in
animals injected with glucose to stimulate GSZS, even greater image
enhancement over that produced by GdL1 alone was observed. In
TRAMP mice, this difference was smaller because prostate image
enhancement was significantly higher in saline control animals compared
to that observed inWTmice. This reflects higher tissue vascularity of the
TRAMP prostate26. To correct for differences in tissue vascularity, these
data are presented as an “index of zinc efflux” (difference between saline
and glucose images at 7 min after injection) for the three dietary groups in
Fig. 4C. These data show clear differences in GSZS between animals fed
low, normal, and high zinc diets in normal control animals. Interestingly,
the TRAMP animals did not show similar trends in % zinc efflux from the
prostate under these dietary changes. The TRAMP mouse prostate is
known to lose its ability to regulate zinc storage27 and as suchmay also lose

Fig. 1 | Studyworkflow andprocessing. A Schematic illustratingmechanism of zinc detection byMRI.B Study design including dietary regimen, imaging, sample collection
and preparation for ex vivo analyses.
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its ability to regulate secretion consistent with reduced GSZS and zinc
efflux22 as detected by MRI in these animals.

Discussion
The long-term goal of this research is to apply the GSZS imagingmethod in
the general population ofmenundergoing diagnostic and surveillance scans
forprostatemalignancies.Given that zincbioavailability couldbe influenced
by dietary choices, this study was undertaken to evaluate the impact of
dietary zinc content in the mouse prostate. Diets with the lowest zinc
content include vegan, low-calorie, and high-fiber diets28,29, while diets with
the highest zinc content consists of high-protein, low-fiber, shellfish-rich
diets30. The recommended daily zinc intake for adults is 8–11mg daily, and
vegans may require up to 50%more zinc than non-vegans due to the lower
bioavailability of zinc in plant-based foods31. Therefore, the variability in

zinc content based on dietary preferences across populations and cultures
could potentially impact using MRI and GSZS to detect prostate cancer
in man.

One of the central findings of this work is that a dietary zinc deficiency
results in dysregulation of zinc both systemically and at the organ level. Zinc
deficiency results in weight loss in both WT and TRAMP animals, sup-
porting the idea that zinc deficiency results in anorexia and growth
impairment, likely via leptin-mediated food regulation and intake32. In a
state of zinc deficiency, the healthy mouse redistributes zinc in intracellular
stores and results in higher levels of Zn in serum. Conversely, TRAMP
animals fail to redistribute intracellular zinc stores and, as a result, maintain
relatively deficient levels of zinc in serum. An intriguing result showed that
GdL1 and saline resulted in further decrease in blood glucose suggesting a
role for GdL1 in glucose homeostasis. This finding aligns with previous

Fig. 2 | Dietary zinc affects weight, glucosemanagement, and zinc bioavailability.
A Mouse body weight measured after 21 days in variable Zn diet. B Blood glucose
management expressed as a calculated change in blood glucose 10 min after
receiving glucose or saline plus GdL1 by the equation shown.CTotal zinc content in

blood (ICP-MS) as a function of dietary Zn levels. The bar graph on the right
summarizes statistical differences between WT and TRAMP animals. Data for all
animals are included whether injected with glucose or with saline. Error Bars
reflect SEM.
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studies conducted in non-human primates where a Gd-based zinc probe
(Gd-CP027) was infused into rhesus macaques and compared to Gado-
fosveset as a non-zinc sensitive control while co-administering a graded-
glucose infusion. Bloodmeasurements of insulin and c-peptide showed that
Gd-CP027 potentiated insulin and c-peptide secretion when compared to
Gadofosveset33. Therefore, we hypothesize that zinc may function as a
second messenger, capable of transducing extracellular stimuli into intra-
cellular signalingpathways.Although additional studies are required to fully

elucidate this mechanism, we suggest that the release of zinc and insulin
from beta cells modulates glucagon secretion via the uptake of zinc ions by
neighboring alpha cells through zinc transporters. Given the high affinity of
GdL1 for Zn ions, infusion or injection of this agent likely influences the
activity of zinc transporters, which could potentially impact the signaling of
glucagon secretion, thereby permitting unabated insulin secretion.

SR-XRF measurements showed a reduced zinc content in all prostate
lobes in bothWT and TRAMP fed a zinc-deficient diet. Interestingly, GSZS

Fig. 3 | Elemental distribution inmouse healthy and prostate cancer tissue under
variable zinc dietary conditions. A H&E and adjacent freeze-dried section for
elemental mapping by SR-XRF. H&E slice illustrate the anatomical differences
among the lobes, ROIs are drawn to identify the ventral lobe (blue), lateral lobe
(yellow), and dorsal (green). Elemental map showing zinc and gadolinium dis-
tribution of WT receiving glucose showing distribution of zinc and gadolinium
content within the gland. (insets) ROIs of lateral lobe illustrate the distribution of
zinc and gadolinium relative to glandular and stromal compartments. Both Zn and

Gd show overlap within glandular lumen and stromal spaces. B Representative Zn,
Gd, Cu, Fe, and Ca distribution in the three distinct lobes of the prostate of WT
receiving glucose (N = 3 for 30ppmdiet) andTRAMP (N = 3 for 30ppmdiet).CZinc
concentrations in lateral versus ventral lobes of WT (N = 3 for all diets and either
glucose or saline) and TRAMP animals (N = 3 for all diets and saline, N = 3 for 30
ppmplus glucose, andN = 2 for 0.05 and 150 ppmZn diet plus glucose) as a function
of dietary zinc. Error bars reflect the SEM.
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was evident by MRI in all WT animals regardless of diet while only a small
increase inMRI signal enhancement was observed after glucose stimulation
in TRAMP animals. However, after normalization by comparison of saline
versus glucose injections in each dietary group, it became quite evident that
GSZS increased in proportion to dietary zinc in the WT prostate, while
GSZS in the TRAMP prostate showed overall reduced GSZS regardless of
dietary zinc levels, consistent with a parallel between chronic zinc deficiency
andmalignant transformation. It has been postulated that the zinc-depleted
aged rat prostate has a metabolic profile that resembles human prostate
cancer, where there is a 10-fold down-regulation of citric acid, down-
regulation of ZIP1, and overexpression of miR-183-96-18232. These factors
increase cellular proliferation and a highly expressed COX-2 inflammatory
phenotype, potentially establishing a link between prostatic zinc loss, citrate
depletion, and prostate cancer32.

Although themost dramatic effects were observed in the zinc-deficient
groups, it does not indicate that a zinc-supplemented diet could be either
protective or therapeutic for prostate cancer. In the current studies, zinc
supplementation also resulted in aberrant regulation in the TRAMP pros-
tate compared to WT, as reflected by the inability of TRAMP animals to
regulate excess zinc in serum.The lowerGSZS inTRAMPanimals observed

here is consistent with a previous report of a relationship between dietary
zinc and prostate cancer in the TRAMP mouse34. In that report, the
investigators provided a variable zinc diet (deficient, optimal, and high) to
TRAMP animals and examined the impact of these dietary variables on
prostate weight and carcinogenicity by performing serummeasurements of
insulin-like growth factor (IGF)-1 and binding protein 3 ratios. The
investigators concluded that only optimal zinc had a protective role against
cancer, while both zinc deficiency and excess zinc may have in turn dele-
terious effects on prostate health. Since the GSZS imaging method is
intended to differentiate malignant lesions from normal prostate tissue and
pathologically benign conditions, one may be able to take advantage of the
inability to regulate an increase in zinc supply inprostate cancer.Thismeans
that under a zinc-supplemented diet, prostate cancer cells and tissue would
not have the mechanisms in place to regulate the increase in supply, while
the healthy prostate or pathologically benign prostate may be able to self-
regulate by increasing its stimulated zinc efflux as observed here.Thiswould
increase malignant lesion conspicuity in a GSZS MRI scan.

The GSZSmethod for detection of prostate cancer (PCa) byMRI does
have potential limitations. The fundamental basis for the GSZS method is
that healthy prostate tissue has the capacity to accumulate and store more

Fig. 4 | Glucose-stimulated zinc secretion MRI of the WT and TRAMP prostate
under differential zinc dietary conditions. A T1-weighted MRI pre- and post
0.07 mmol/KgGdL1 and glucose for all three dietary levels inWT (N = 7 for all diets)
and TRAMP animals (0.05 ppmZnN = 6, 30 ppmZnN = 4, and 150 ppmZnN = 6).
B Area under the CNR vs time curve capturing the overall signal in the prostate

during the scanning period.WT+ saline: 0.05 ppm ZnN = 7, 30 ppm ZnN = 7, and
150 ppm Zn N = 5, TRAMP+ saline: N = 7 for all diets. C Calculated zinc efflux by
normalizing the glucose stimulated signal in the prostate to unstimulated (saline)
controls for WT and TRAMP. Error bars are SEM.
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zinc thanmalignant prostate tissue so that when excess glucose is presented,
it follows that more zinc should also be released from healthy prostate cells
than fromcancerousprostate cells and this difference shouldbedetected as a
difference inMR image intensity based upon greater activation of GdL1. In
rodent models such as that described here, low molecular weight imaging
agents such GdL1 are rather quickly excreted so one in principle should
performmultiple imaging experiments in each animalwhereprostate image
intensity is compared after injection of GdL1 plus saline versus GdL1 plus
glucose. An additional controlMR imaging experiment should also be done
using non-zinc-responsive Gd-based agent with similar r1 value, again plus
or minus glucose. This second control experiment would account for dif-
ferences in tissue vascularity of normal healthy prostate tissue versus
malignant prostate tissue. This second set of control experiments were not
performed in this study because our goal was simply to evaluate whether a
higher level of dietary zinc has a major influence on GSZS as detected by
MRI. Here, the greater vascularity of prostate tissue in the TRAMP model
resulted in a higherMR signal intensity even in the absenceof excess glucose
so theMR intensity differences between ± glucosewere small. Thus, amajor
limitation in rodent models is how to differentiate between tissues with
higher vascularity versus tissues that release less zinc ions in response to a
bolus of glucose. This limitation should in principle bemuch less restrictive
for detecting PCa in man. First, low molecular agents like GdL1 are not
cleared from tissues as rapidly as in mice. This means that a zinc-sensitive
agent like GdL1 could be injected instead of a non-responsive Gd-based
agent currently used in clinicalmultiparametricMRI studieswhile dynamic
images are collected35, followed by injection of a bolus of glucose and col-
lection of a second image. In this case, additional MR image enhancement
should only be detected in those tissue regions where a significant amount
zinc was released in response to glucose. Hence, injection of a single zinc-
responsive agent like GdL1 followed by collection of two T1-weighted
images may provide a direct index of zinc secretion in a single experiment.
This GSZS technique has been successfully used to detect PCa in dogs with
enlarged, highly vascular prostates20.

We have demonstrated that TRAMP animals lose their ability to
regulate extreme levels of dietary zinc, highlighting a dysregulation of zinc
homeostasis in prostate cancer. We found that zinc deficiency impacts
animal weight and systemic zinc bioavailability in healthy and TRAMP
mice. This study also showed that Zn2+ ismore readily released (initiated by
glucose) from thehealthy prostate in animals exposed to excess Zn2+ in their
chow. These results suggest that dietary supplement of zinc prior to a GSZS
study may enhance T1-weighted contrast differences between malignant
and non-malignant prostate tissue, thereby facilitating detection of prostate
cancer by MRI in man.

Methods
Synthesis of GdL1
GdL1 was prepared and purified as described previously13.

Variable zinc diet in WT and TRAMP animal models
Chowwith variable zinc content was obtained fromDyets Inc. (Bethlehem,
PA).Regular chowwasusedwith amineralmixwithdrawnof zinc.Thebase
chowwas an egg white basedAIN-93G diet with dextrose replacing sucrose
to meet 1995 NRC requirements for growth. To formulate zinc-deficient,
optimal, and excess diets, zinc was added in the following proportions: 0.05,
30, and 150 ppm. These formulations were DYET# 115400, 115437, and
115438, respectively.Wild-type and TRAMP animals were fed variable zinc
chow ad libitum 21 days prior to imaging evaluation. Animals were housed
in a temperature-controlled and light/dark (14 h/10 h) with access to water
and chow ad libitum.

In vivo MRI
All animal experiments were performed according to guidelines approved
by The University of Texas Southwestern Medical Center Institutional
Animal Care and Use Committee. Male C57Bl6 mice were obtained from
in-house breeding, and transgenic adenocarcinoma of the mouse prostate

(TRAMP) mice were obtained from Jackson Laboratories at 6–8 weeks of
age. Mice were provided the respective zinc-modified diet 21 days prior to
imaging evaluation at 16, and 24 weeks of age. Mice were fasted overnight,
weighed, and anaesthetized via inhalation of 1–5% isoflurane, prior to
insertion of a tail-vein catheter. MR imaging was performed using 9.4 T
Varian/Agilent scanner and a custom-built volume coil. Two baseline ge3d
T1-weighted scans were obtained prior to injection of GdL1 (FA/TE/TR
= 20°/1.756/3.476ms, NEX 4, Matrix 128 × 128 × 128, FOV 30 × 30mm).
Mice then received 0.07mmol/kgGdL1 via the tail-vein catheter, and an i.p.
injection of either 2.2mmol/kg glucose or saline as control. All agents were
formulated to administer 2 µl/gmouse either i.p. or i.v. Immediately after
injection, sequential 3D T1-weighted scans were collected over 10min.WT
and TRAMPmice were euthanized by cervical dislocation under anesthesia
after imaging to excise the entire prostate for synchrotron radiation X-Ray
fluorescence analysis. Blood samples were obtained by tail vein puncture
before and after MRI and glucose measurements were obtained using a
hand-held glucometer. A region of interest (ROIs) covering the entire
prostate but avoiding the urethra were used in evaluation of contrast-to-
noise (CNR). The signal intensity (SI) of the prostate was subtracted
from the signal intensity of an ROI of back muscle and divided by the
standard deviation of an ROI placed outside the body capturing noise.
CNR = (SIprostate – SImuscle/St.devair). A change in CNR (△CNR) was then
calculated by obtaining the difference between CNRt (min) –CNRbaseline. The
area under the△CNR vs. time curve (AUC) was obtained for each animal
using GraphPad Prism 10, (GraphPad Software, La Jolla, CA, USA).

Blood serum collection and elemental analysis by inductively-
coupled plasma mass spectrometry (ICP-MS)
After each imaging study, animals were dissected, and the inferior vena cava
was exposed. A 20 G needle was used to access the vein and collect whole
blood. Blood was then left to coagulate for at least 30min and then cen-
trifuged for 10min at 1000 × g at 4 °C, serum was separated, and the
supernatant was stored at −80 °C until ICP-MS measurement. Samples
were prepared by thawing at 30 °C, then placed in an ultrasonic water bath
for 1min and centrifuged at 4 °C for 10min. Serum was collected from
supernatant. Serum samples were digested in concentrated nitric acid
(67%v/v) overnight and resuspended in 3ml of diluent. Elemental analysis
was then performed using an Agilent 8800-QQQ inductively coupled
plasma-mass spectrometer (ICP-MS).

Histology and sample preparation
The mouse lower abdomen was shaven to prevent contamination from fur
before dissection. The prostate was resected maintaining all lobes, urethra,
and seminal vesicles intact. Once resected and rid of any adipose tissue, the
prostates were slowly frozen by exposing them to liquid nitrogen-chilled
isopentane. Briefly, a beaker was filled with isopentane and submerged in
liquid nitrogen for 5min. The liquid nitrogen level was slightly lower than
that of isopentane. Once the prostate was resected, it was placed on a small
weigh boat that allowed the prostate to float when directly placed on the
chilled isopentane. Prostates remained on the floating weigh-boat for
approximately 2–5min, or until fully frozen. Samples were stored in sterile
polypropylene 50-mL tubes at−80 °Cuntil cryo-sectioning and transported
on dry ice to avoid thawing. Blocks were surrounded by tissue tek com-
pound optimal cutting temperature (OCT) gel andmountedflat, so that the
area of interest was exposed for cutting. Several (two to four) 50-μm-thick
cryosections (Cryo ultra microtome; Leica Microsystems, Richmond Hill,
ON,Canada)were obtainedper sample, interleavedby 20μm-thick sections
for hematoxylin and eosin (H&E) staining. Sections for XRFweremounted
on custom-made slides, consisting of a thin sterile film for X-ray fluores-
cence (XRF) (3525 Ultralene from SPEX SamplePrep, NJ, Metuchen, USA)
glued to a plastic holder. The 50-μm-thick-mounted sections were loaded
into a freeze dryer (FreeZone 2.5; Labconco, Kansas City, MO, USA) pre-
chilled to −50 °C and exposed to 0.7–1.5 mbar vacuum for 2–4 h. The
20 μm-thick sections mounted on glass slides were stained with H&E fol-
lowing standard histopathology protocols.
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Micro-synchrotron radiation X-ray fluorescence (μSR XRF)
imaging
μ-SRXRF is anon-destructive investigative technique that candetermine the
elemental composition and distribution of metals of interest. In this tech-
nique, a high intensity, monoenergetic synchrotron radiation beam is
incident on amaterial, exciting the atom’s electron structure and causing the
emission of an x-ray characteristic of that atom. The energy of the emitted
X-Ray is determined by the energy difference between the orbital shells the
electron transitions to and from. As such, these characteristic X-Rays can be
used to identify the presence of and, with proper calibration, the con-
centrations of different elements, with detection limits as low as a few parts
per million. Samples were measured in air at the I18 Beamline at the Dia-
mond Light Source, Harwell, United Kingdom. A 90◦ geometry was used
such that samples placed on a translation stage are angled 45◦ to both the
incident beam and the 4-element Vortex silicon drift detector (120mm2

active area). This geometry takes advantage of the strong polarization of the
synchrotronbeamtominimizenoise fromscatteredphotons. Initial scansof
the whole sample are collected using a 50 μm× 50 μmbeam size for a 0.75 s
count time per pixel, at two energies of 8.2 and 11 keV to obtain accurate
maps of P, S, Zn, Cu, Fe and Gd. These scans show sufficient anatomical
detail to set a fine scan for a smaller region of interest. These smaller regions
are approximately 300 μm× 300 μmanduse a beam size of 5 μm× 5 μmfor
1 s per pixel. The translational stage moves the sample in a raster scan
pattern with a step size of 50 μm for coarse scans and 5 μm for fine scans.

μSR XRF elemental mapping
The spectra collected from raster scans are input into PyMCA X-Ray
Fluorescence data analysis software (v5.6.3) for fitting and quantification.
During fitting, a configuration file is created for the software to identify our
material/matrix composition, subtract the background, identify elemental
peaks of interest, separate overlapping peaks, and finally fit each peak to
generate its intensity value. For quantification, PyMCA’s internal libraries
and code reference these intensity values with the measurements of a thin
film standard reference material (AXO, Dresden) and calculated photon
fluxes to generate a concentration value in parts per million (ppm). The
sample and reference material were measured in the same experimental
setup and conditions to ensure the quantification is accurate. The config-
uration is then used to batch fit each raster scan, generating the elemental
composition for each pixel. Custom MATLAB® (R2022A) code and IDL
software (v8.8),was used to arrange thePyMCAconcentrationdata for each
element of interest, and then generate element-specific maps. In IDL,
regions of interest, for example specific prostate lobes or anatomical fea-
tures, are identified by comparing the raster scans with the H&E-stained
samples. The average concentration and standard error of the means for
each region of interest are obtained in the IDL software and these statistics
are compared to values obtained from other samples for analysis.

Statistical analyses
All statistical analyses were performed using GraphPad Prism 10, (Graph-
Pad Software, La Jolla, CA, USA). Multiple statistical comparisons were
performed by one-way ANOVA and post-hoc Tukey test correction for
multiple comparisons. Comparisons between two groups were evaluated by
two-tailed Student’s t test. Statistical significance is annotated within the
figures as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Data availability
Data is provided within the manuscript or supplementary information files
and raw data is available upon request to corresponding author.
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