Journal of Inflammation Research

3

Dove

ORIGINAL RESEARCH

Implications of compromised zinc status
on bone loss associated with chronic
inflammation in C57BL/6 mice

Pitipa Chongwatpol
Elizabeth Rendina-Ruedy
Barbara ] Stoecker
Stephen L Clarke
Edralin A Lucas

Brenda ] Smith

Department of Nutritional Sciences,
Oklahoma State University, Stillwater,
OK, USA

Correspondence: Brenda ] Smith
Department of Nutritional Sciences,
Oklahoma State University, 420 Human
Science, Stillwater, OK 74078, USA

Tel +1 405 744 3866

Fax +1 405 744 1357

Email bjsmith@okstate.edu

This article was published in the following Dove Press journal:
Journal of Inflammation Research

13 July 2015

Number of times this article has been viewed

Abstract: Compromised zinc status and chronic inflammation are independent factors that can
contribute to bone loss. However, zinc’s role in regulating lymphoid and myeloid cell popula-
tions, combined with the interplay between the immune and skeletal systems raises the ques-
tion as to the extent to which a low-grade inflammatory challenge in the context of marginal
zinc deficiency would exacerbate bone loss. To address this question, young adult C57BL/6
male mice (n=32) were used in a 2x2 factorial design with dietary zinc (adequate or 35 ppm vs
inadequate or —Zn =5 ppm) and lipopolysaccharide (LPS, 0 or 0.1 mg/kg body weight). Mice
were fed their respective diets for 10 weeks. On the 6th week, mice had a slow release pellet
implanted to induce a low-grade inflammation for the final 4 weeks of the study. —Zn induced
a decrease in total white cell counts and peripheral lymphocytes, whereas LPS increased blood
monocytes. LPS significantly reduced spine bone mineral density and trabecular bone volume
and number of the vertebral body compared with both zinc adequate and inadequate without
LPS groups. Likewise, the most pronounced effects on bone strength occurred with LPS, how-
ever, —Zn also had negative effects on the bone von Mises stresses. LPS induced an increase in
TNF-o and this response was further increased with —Zn. Although the marginal zinc deficiency
altered immune function, bone loss was not exacerbated with low-grade chronic inflammation
in marginally zinc-deficient young adult mice. These findings demonstrate that in young adult
animals an immune challenge modestly increases the inflammatory response and worsens bone
biomechanics in the context of a marginal zinc deficiency, but not to the extent that more severe
adverse outcomes are observed on bone structural parameters.
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Introduction

According to recent National Health and Nutrition Examination Survey data, approxi-
mately 54 million Americans have osteoporosis or osteopenia.! An important element
of reducing lifetime risk for osteoporosis is achieving an optimal peak bone mass early
in life. Major factors that influence peak bone mass include genetics and lifestyle fac-
tors such as weight-bearing activity and nutritional status.? The emphasis on nutrition
in promoting optimal bone mass has focused primarily on calcium and phosphorus,
which form the main mineral constituents of bone’s hydroxyapatite, and vitamin D due
to its calciotropic effects. However, a number of trace elements such as zinc, copper,
and iron are required for the catabolic and anabolic phases of bone metabolism by
osteoclasts and osteoblasts, respectively. In particular, failure to obtain adequate dietary
zinc has been shown to increase the risk of compromised bone mineral density (BMD),
impaired immune function, and increased risk of infection.** Other than inadequate

submit your manuscript
Dove

http:

Journal of Inflammation Research 2015:8 | 17-128 117
© 2015 Chongwatpol et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution — Non Commercial (unported, v3.0)

Al License. The full terms of the License are available at http://creati fl /by-nc/3.0/. Non- ial uses of the work are permitted without any further
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on
how to request permission may be found at: http://www.dovepress.com/permissions.php



http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/JIR.S82261
mailto:bjsmith@okstate.edu

Chongwatpol et al

Dove

intake, zinc status can be compromised due to increased
requirements for zinc, impaired intestinal absorption, and
increased losses of zinc.’” There are certain groups who are
at risk of developing zinc deficiency such as pregnant® and
lactating women,’ vegetarians,® alcoholics, individuals with
diseases (eg, gastrointestinal diseases, hemolytic anemias,
renal diseases, and malabsorption syndromes),’ and young
growing children.’

Functionally, zinc has catalytic and regulatory roles that
are important for bone growth and mineralization, collagen
synthesis, and bone resorption.'” The most well-known
function of zinc in skeletal tissue is as a cofactor for alka-
line phosphatase (ALP), a zinc metalloenzyme essential for
bone mineralization. The relative abundance of bone ALP
messenger (m)RNA and ALP activity have been reported
to decrease in zinc-deficient rodents.!! Furthermore, in vitro
human osteoblast-like cells supplemented with zinc exhibit
increased activity and function as indicated by increased ALP
activity and calcified nodule formation.'? Zinc also stimulates
collagen synthesis and insulin-like growth factor-I expression
in bone, which provides further insight into the reduction in
bone formation (ie, reduced osteoid) that occurs with zinc defi-
ciency.!"3 In addition to its effects on osteoblast’s bone form-
ing activity, zinc is also involved in osteoclast activity. The
activities of matrix metalloproteinases 2 and 9 and carbonic
anhydrase-II decreased with increased zinc intake in young
male rats, resulting in decreased osteoclastic resorption.'*

Animal models can potentially provide insights into the
physiological effects of compromised zinc status on bone,
but one of the challenges has been the significant decrease in
food intake that occurs in rodents consuming a zinc-deficient
diet.”>'7 In previous studies,'®!? severe zinc deficiency (<2
ppm in the diet) significantly decreased food intake. Despite
pair feeding, this decrease in food intake can have negative
consequences on bone growth and metabolism due to deficits
in other nutrients (eg, calcium, magnesium, and potassium)
and can confound the interpretation of the findings in rela-
tion to zinc. To address this issue, Scrimgeour et al set out to
develop a model of marginal zinc deficiency. The investigators
fed young rats a zinc inadequate diet (ie, 5 ppm) for 45 days
and induced a marginal zinc deficiency without negatively
affecting food intake.'” They reported that rats experiencing
marginal zinc deficiency had compromised bone biomechani-
cal properties (ie, lower load to failure) but no differences were
detected in whole body BMD in the marginally zinc-deficient
animals compared with control animals."

In addition to the direct effects of zinc on bone metabo-
lism, this trace element also plays a key role in both adaptive

and innate immunity.'® Suboptimal zinc in young animals
produces thymic atrophy (70%—-80%) along with a reduction
in the CD4+ and CD8+ T cells by 38%." Likewise, a signifi-
cant decline in pre- and immature B cells has been observed
in adult mice with zinc deficiency.?” Monocyte populations in
bone marrow have been reported to be increased by 70% in
marginal zinc-deficient mice compared with the cohort on the
zinc adequate diet.'” Zinc deficiency also resulted in the
deterioration in macrophage function in 6-week-old mice.?!
Individuals with zinc deficiency have been reported to
experience impaired immunity and increased susceptibility
to infections.'®

Alterations in immune cell function induced with zinc
deficiency have been characterized by an increase in T-cell
and monocyte activation and cytokine production.!$?%%
T-cell activation in zinc-deficient individuals is reported
to be normalized with zinc supplementation.?? In vitro,
monocyte-macrophages exposed to low levels of zinc
upregulate interleukin (IL)-1B, IL-6, and tumor necrosis
factor (TNF)-o. expression.”® Chronic elevation of these
pro-inflammatory cytokines can disrupt bone remodeling
and ultimately lead to bone loss by increasing osteoclast
activity and/or decreasing osteoblast activity.?* In particular,
TNF-a directly induces the differentiation of monocytes into
pre-osteoclasts.® Furthermore, TNF-a, receptor activator of
NF-«B ligand, IL-1p, and lipopolysaccharide (LPS) can acti-
vate NF-kB in pre-osteoclasts and upregulate nuclear factor
of activated T cells c1, a key transcription factor in osteoclast
differentiation.?®?” In addition to promoting an increase
in bone resorption, pro-inflammatory cytokines also alter
osteoblast differentiation and function. For example, TNF-o.
inhibits osteoblast gene expression of RUNX2, a transcrip-
tional factor associated with osteoblast differentiation,?’
and activates the NF-xB pathway, which decreases osteoblast
function.? Given the role that zinc plays in immune function
and bone metabolism, it raises the question of whether or not
marginal zinc deficiency would exacerbate the effects of an
immune challenge on bone health. Such a scenario would
be anticipated clinically in both adults and young children
who have inadequate zinc intake and then experience a
secondary immune challenge (eg, infection or a chronic
inflammatory state).

Our laboratory has previously developed a model of very
low-grade chronic inflammation using a slow release pellet
impregnated with LPS to examine the effects of low-grade
chronic inflammation on bone.**3* We showed that the
chronic inflammatory state characterized by an increase in
TNF-a in the bone decreased bone mineral content (BMC),
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BMD, and the trabecular bone compartment was primarily
affected.’! Importantly, this chronic inflammatory state does
not alter food intake and the animals show no alterations in
grooming behavior or clinical signs of infection. Previous
studies examined the effects of zinc deficiency or an inflam-
matory state alone on bone in young growing animals, but
to date no studies have examined whether marginal zinc
deficiency primes the immune system so that an exacerbated
response occurs. Therefore, this study was designed to test
the hypothesis that low-grade chronic inflammation in the
context of marginal zinc deficiency exarcerbates bone loss
in young growing C57BL/6 mice.

Materials and methods

Animal care
After a 7-day acclimation period, 8-week-old C57BL/6 male
mice (n=32; Charles River Laboratories, Wilmington, MA,
USA) were randomly assigned to either zinc adequate (35 ppm
zinc = control diet or Con) or zinc inadequate diet (5 ppm
zinc = —Zn) for a 10-week study. All diets were adjusted for
macronutrient and micronutrient content with the exception
of zinc. Beginning the final 4 weeks of the 10-week period,
mice were exposed to LPS either 0 (-LPS) or 0.1 mg LPS/kg
body weight/day (+LPS) by subcutaneously implanted slow
release pellets (Innovative Research of America, Saratosa, FL,
USA). All procedures were approved by and strictly adhered
to the guidelines set forth by the Institutional Animal Care
and Use Committee at Oklahoma State University.
Throughout the study, food intake was monitored and
body weights were recorded weekly. At the end of the
10-week experiment, the mice were anesthetized using
a ketamine/xylazine cocktail (60 mg ketamine and 6 mg
xylazine/kg body weight), administered by an intraperito-
neal injection. Whole body dual-energy X-ray absorptiom-
etry (DXA) scans (Lunar PIXImus; GE Medical System,
Madison, WI, USA) were performed for determination of
bone density and body composition. A sample of whole
blood (25 puL) was taken from the carotid artery for total
white cell counts. Whole blood smears were prepared, fixed
in methanol, and stained with CAMCO Stain Pak (Cam-
bridge Diagnostic Products, Fort Lauderdale, FL, USA) for
differential counts (ie, lymphocytes, neutrophils, monocytes,
basophils, and eosinophils). The remaining blood was col-
lected in ethylenediaminetetraacetic acid-coated tubes, cen-
trifuged at 730x g, 4°C for 20 minutes, and plasma aliquots
were stored at —80°C. Spleen and thymus specimens were
harvested and their weights were recorded. Livers were
snap frozen in liquid nitrogen, and then stored at —80°C.

Tibias were cleaned of soft tissues and were fixed in 10%
neutral buffered formalin and the spines were trimmed of
soft tissues and stored at —20°C.

Bone densitometry assessment

Whole body BMD, BMC, and bone mineral area (BMA) were
determined using PIXImus Series Software (version 1.4x)
from whole body DXA scans that were performed at the end
of the study. Excised spine specimens were also scanned to
assess the lumbar spine (ie, fourth and fifth lumbar vertebra)
BMD, BMC, and BMA. Additionally, whole body DXA
scans were used to determine the body composition (ie, fat
mass and fat free mass) of the animals.

X-ray micro-computed

tomography analyses

Micro-computed tomography (MicroCT) analyses (WCT40;
SCANCO Medical, Briittisellen, Switzerland) were per-
formed on the lumbar vertebral body (L4), proximal tibial
metaphysis, and the tibial mid-diaphysis to determine altera-
tions in trabecular and cortical bone microarchitecture. Tibial
specimens were scanned at a high resolution of 2,048x2,048
pixels. Analysis of the proximal tibia was performed on a
volume of interest (VOI) that included a region of secondary
spongiosa that was 30 um from the growth plate and extended
in the distal direction 600 wm (100 images). A 300 um VOI
(50 images) at the mid-point of the tibia was used for corti-
cal bone analysis. Scanning of the vertebra was performed at
medium resolution or 1,024x1,024 pixels. The VOI included
a region of secondary spongiosa that was approximately
2.56 mm (160 images X16 um each) and approximately
80 um from the dorsal and caudal growth plates. Analysis of
all specimens was performed at the threshold of 340, a sigma
of 1.2, and a support setting of 2. The trabecular analysis for
the proximal tibial metaphysis and vertebral body included
the following: relative bone volume (BV/TV), trabecular
number (TbN), trabecular thickness (TbTh), trabecular sepa-
ration (TbSp), connectivity density (ConnDens), structural
model index (SMI), apparent density, material density, and
degree of anisotropy. Cortical analyses of the tibial mid-
diaphysis included cortical thickness, cortical area, medullary
area, and porosity.

Finite element analysis

Finite element analysis (FEA) software (SCANCO Medical)
was used to evaluate the mechanical properties of trabecu-
lar bone by simulating a compression test on reconstructed
3-dimensional images of the lumbar vertebral body and the
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proximal tibial metaphysis. For the purpose of these analyses,
voxels within the VOI were converted into equally eight-node
linear brick elements and were incorporated into a microme-
chanical finite element (FE) model. The tests were performed
on the trabecular bone compartment. The following FEA-
derived parameters were determined: total force, stiffness,
size-independent stiffness, and von Mises stresses.

Zinc content of bone

Inductively coupled plasma mass spectrometry was used to
determine the zinc content of bone (ie, humerus) accord-
ing to the procedure described previously** with minor
modifications. Briefly, the humerus was placed in the acid-
washed borosilicate glass tube and weighed, and then air-
dried for 24 hours at 105°C. The dry weight was recorded
prior to exposing the samples to wet ashing with the addition
of deionized water, concentrated nitric acid, and concentrated
hydrogen peroxide with the tubes maintained in a heating
block at 100°C. After the samples were completely dry, the
dry-ash cycle was initiated by placing the tube with sample
into the muffle furnace at 375°C for 48 hours. The wet ashing
and dry ashing were repeated until all black carbon particles
were digested. Ash weight was recorded in mg and then zinc
content was determined using inductively coupled plasma
mass spectrometry (ELAN9000; PerkinElmer, Waltham, MA,
USA). The percent of the bone that was ash was derived from
the ash weight being divided by the initial bone weight and
then multiplied by 100. Zinc expressed as a percentage of
dry weight was calculated by dividing the total zinc content
of the bone by the ash weight and multiplying by 100.

ELISA quantification of liver cytokine

Liver tissues were weighed (~100 mg each) and then homog-
enized in 1 mL lysis buffer (300 mM NacCl, 30 mM Tris,
2 mM MgClL, 2 mM CaCl,, 1% Triton X-100, 1x Protease
inhibitor 100x [Catalog #5872; Cell Signaling, Danvers,
MA, USA]; pH 7.4). Homogenates were incubated at 4°C
for 30 minutes, and then centrifuged at 1,500x g at 4°C for
15 minutes. Supernatants were stored at —80°C until analy-
ses. Liver homogenates were used to measure TNF-o. and
IL-1PB protein levels using commercially available ELISA
kits (TNF-o.: Catalog #MTAOO0B, IL-1f: Catalog #MLBO00C;
R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s protocols.

Hepatic gene expression
Quantitative real-time PCR (qPCR) analyses were used to
determine hepatic expression of genes encoding for proteins

that respond to changes in zinc status or are involved in the
inflammatory response. Total RNA from mouse liver (n=6/
group) was extracted using Trizol Reagent (Life Technology,
Rockville, MD, USA). The quantity and the quality of RNA
(A, /A, 1atio) were obtained using a NanoDrop spectro-
photometer (Rockland, DE, USA). Total RNA (2 ug) was
used to prepare cDNA by first treating with DNase I followed
by reverse transcription using Superscript II (Invitrogen,
Carlsbad, CA, USA). cDNA (50 ng) was used in a final vol-
ume of 10 uL for each qPCR. All reactions were performed
in duplicate using SYBR green chemistry (SABiosciences,
Valencia, CA, USA) and the samples were read on the 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). The comparative cycle number at threshold
(C,) method (User Manual #2; Applied Biosystems) was
used to calculate qPCR results using cyclophilin b (Ppib) as
areference gene. The following primer sequences were used:
MT2, 5’-catcacgctcctagaactcettc-3” and 5’-tgcaggaagtacattt-
geattg-3’; Sle30al (ZnTl), 5'-ccaacaccagcaattccaac-3" and
5’-gcag aaacactcctcgeata-3"; Nrf2, 5’-cccggttgeccacatte-3’
and 5’-tgtctctgecaaaagetgeat-3’; CDI4, 5'-gecgecaccgct-
tct-3” and 5’-acacgttgeggaggttca-3’; TLR4, 5 -actgttcttcte-
ctge ctgaca-3” and 5’-tgatccatgcattggtaggtaata-3’; TNF-c,
5’-ctgaggtcaatctgeccaagtac-3” and 5'-cttcacagagcaatgactc
caaag-3"; Slc39A414 (Zip14), 5’-gagtgggccgggataatgtt-3” and
5’-agctaaagcacgtggagaggtt-3’; Ppib, 5’-tggagagcaccaagaca
gaca-3” and 5’-tgccggagtcgacaatgat-3’.

Statistical analysis

Statistical analysis was performed using SAS version 9.3
(SAS Institute, Cary, NC, USA). Significant differences
between treatment groups were analyzed as 2x2 factorial
design with dietary zinc (Con vs —Zn) and LPS treatment
(-LPS vs +LPS) as factors. Two-way ANOVA, post hoc analy-
sis, and Fisher’s least significant difference were calculated
using the general linear model procedure. The o was set at
0.05 and results expressed as mean + SE.

Results

Body weights, body composition,

and tissue weights

Over the course of the 10-week study, body weight and food
intake were not affected by dietary zinc or LPS treatment
(Table 1). The evaluation of body composition revealed that
the LPS-treated animals exhibited a reduction in fat mass
(P<<0.05), which coincided with a significant decrease in
percent body fat (Table 1). Although zinc is recognized as
an important micronutrient for skeletal growth, no significant
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Table | Body weight and composition, tissue and ash weights, and whole body bone mineral density of animals on zinc adequate or

inadequate diets with and without LPS administration

Con/-LPS Con/+LPS —Zn/-LPS —-Zn/+LPS P-values
Diet LPS Diet x LPS

Food intake (g) 4.2110.11 4.13+0.10 4.28+0.05 4.2810.03 0.251 0.589 0.660
Body weight

Initial (g) 18.2+0.3 18.1£0.2 18.3+0.3 18.0+0.3 0.878 0.599 0.924

Final (g) 24.5+0.8 24.5+0.9 24.4+0.5 23.5+0.4 0.407 0.410 0416
Body composition

Lean mass (g) 16.9+£0.4 16.6+0.3 16.6+0.5 16.410.3 0.522 0.437 0.833

Fat mass (g) 5.6+0.2 5.1£0.1 5.6+0.4 4.910.2 0.547 <0.05 0.681

Percent fat (%) 24.9+0.7 23.6+0.5 25.08+0.8 22.8+0.4 0.577 <0.05 0.453
Tissue weights

Thymus (mg) 53.840.3 70.0+0.4 56.3+0.5 57.5+0.3 0.192 <0.05 0.054

Spleen (mg) 90.0+0.6 I11.3£0.6 97.5%1.2 100.0+0.6 0.779 0.264 0.072
Humerus mineral content

Total mineral weight (mg) 20.91%1.03 19.79+0.81 19.71+0.98 19.70+0.67 0.473 0.525 0.534

% mineral 0.97+0.04 0.96+0.02 0.91+0.05 0.86+0.02 <0.05 0.309 0.580
Tibia length (mm) 18.7+0.4 18.4+0.1 18.5+0.4 18.6+0.2 0.920 0.810 0.366
Whole body BMD (mg/cm?) 51.9+0.4 51.7+0.6 52.1+0.7 50.9+0.6 0.551 0.232 0.368

Notes: Zn (% dry weight) was derived from (total zinc content/dry bone weight) x100. Total mineral content (mg) is derived from the ash weight (mg) that is the weight
of bone sample after all black particles are digested. The % mineral was derived from (ash weight/dry bone weight) x100. Statistically significant effects are indicated by

P-values <0.05.

Abbreviations: Con, zinc adequate (35 ppm) diet; —Zn, zinc inadequate (5 ppm) diet; LPS, lipopolysaccharide; —LPS, placebo pellet; +LPS, 0.1 mg LPS/kg/day; BMD, bone

mineral density; SE, standard error.

differences were observed in the tibial length (Table 1) with
marginal zinc deficiency or LPS in this study.

Thymic involution has been associated with prolonged
zinc deficiency,?** but in this study no decrease in thymus
weight was reported in response to moderate zinc deficiency
(Table 1). Thymus hypertrophy did occur in conjunction with
LPS treatment (P<<0.05), and the effect tended (P=0.054)
to be more pronounced in the animals receiving the zinc
adequate diet as opposed to those receiving the zinc-deficient
diet. The same response to zinc and LPS was observed when
thymus weight was expressed relative to body weight (data
not shown). There tended to be an interaction between zinc
adequate diet and LPS in spleen weight (P=0.072), but this
response did not reach the level of statistical significance
(Table 1).

Zinc content of bone

Zinc content of bone is one of the indicators of total body
zinc status due to the large proportion of total body zinc
deposited in the skeleton.?* Although there was no change
in total mineral content (ash weight), mineral content of
the humerus expressed as a percent of dry weight of the
bone was reduced in the zinc inadequate groups (Table 1).
The —Zn diet did result in decrease in the total zinc content
of the bone compared with the mice on the control (35 ppm)
diet (Figure 1A). The percent of zinc expressed per unit of

humerus dry weight (Zn [% dry weight]) confirmed that the
difference in humeral zinc was not due to difference in bone
size but from the relative abundance of zinc in the bone
(Figure 1B). Similar results were observed in the LPS-treated
cohort in that the zinc content and zinc expressed per unit
of bone dry weight were also reduced with LPS treatment
(Figure 1A and B).

Complete blood counts

Leukopenia, a reduction in total white blood cells, is charac-
teristic of early zinc deficiency and has been shown to contrib-
ute to compromised immunity.***” In this study, mice fed the
—Zn diet experienced decreased total white blood cell counts
in peripheral blood (Table 2). The percentage of lymphocytes
was significantly increased in the zinc inadequate cohort,
while the combination of control diet and LPS treatment
decreased the percentage of lymphocytes in these animals.
Neutrophils were not affected by the —Zn diet (Table 2), but
the percentage of neutrophils was decreased by the LPS
treatment as anticipated. The percentage of peripheral blood
monocytes increased in response to LPS treatment, but was in
turn suppressed with the —Zn diet. Additionally, the animals
fed control diet together with LPS treatment had significantly
elevated monocytes compared with other groups. These find-
ings indicate that marginal zinc deficiency and LPS treatment
alone impaired the immune system but the combination of
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Figure | Effects of zinc adequate (Con =35 ppm) or inadequate (—Zn =5 ppm) diets with (+LPS) or without lipopolysaccharide (LPS) (—LPS) treatment on: (A) total zinc
content of bone, (B) Zn expressed as a percentage of bone dry weight, (C) bone mineral density (BMD) of the spine, (D) trabecular bone volume per unit of total volume
(BV/TV) within the vertebral body, and (E) BV/TV assessed at the proximal tibial metaphysis. Bars with * indicate a diet main effect and # indicate an LPS main effect
(P<<0.05).

Table 2 Effect of zinc adequate or inadequate diets with or without LPS on total white cell and differentials counts

Con/-LPS Con/+LPS —Zn/-LPS —Zn/+LPS P-values
Diet LPS Diet X LPS

Total WBC (Ix10%mL) 2.1+0.2 1.7£0.1 1.6+0.2 1.4+0.2 <0.05 0.153 0.236
Lymphocytes (%) 74811 4 70.0+1.6° 75.4%1.3* 77.5%1.2* <0.05 0.348 <0.05
Neutrophils (%) 21.6x1.1 17.4+1.4 20.2t1.4 17.7£1.1 0.698 <0.05 0.499
Monocytes (%) 2.9+0.32 I1.6 +0.5° 3.5 +0.52 3.9 0.7 <0.0001 <0.0001 <0.0001
Basophils (%) 0.4+0.2 0.710.2 0.610.3 0.4+1.8 0.798 0.798 0.207
Eosinophils (%) 0.4+0.3 0.2+0.2 0.2+0.2 0.5+0.3 0.779 0.779 0.402

Notes: Values are expressed as means * SE. For a given parameter, values that share the same superscript letter are not significantly different from each other (P>0.05).
The magnitude of the statistically significant differences are indicated by P-values <0.05 or <0.0001.

Abbreviations: Con, zinc adequate (35 ppm) diet; —Zn, zinc inadequate (5 ppm) diet; LPS, lipopolysaccharide; —LPS, placebo pellet; +LPS, 0.1 mg LPS/kg/day; WBC, white
blood cell; SE, standard error.
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LPS treatment in the context of mild zinc deficiency did not
exacerbate this response.

Bone density analysis

In order to determine the effects of moderate zinc deficiency
followed by a subsequent chronic inflammatory challenge
on BMD, whole body and spine BMD were assessed. There
were no alterations in whole body BMD with LPS adminis-
tration (Table 1), but LPS resulted in a significant reduction
in BMD of the lumbar vertebra (Figure 1C). Marginal zinc
deficiency reflected by a decrease in bone zinc content had
no effect on whole body or lumbar vertebra BMD, BMC, or
BMA (data not shown).

Trabecular and cortical bone
microarchitecture

In the vertebra, LPS administration significantly decreased
trabecular BV/TV (~23%) compared with the animals receiv-
ing the LPS placebo pellet (Figure 1D). This loss of trabe-
cular bone in response to LPS coincided with a decrease in
TbN, an increase in TbSp, but no change in TbTh (Table 3).

These alterations in trabecular bone morphometric parameters
of the vertebra occurred irrespective of zinc status. LPS also
induced a decrease in ConnDens of the trabecular struts of
the vertebra, but no change in material density of the bone.
Evaluation of the arrangement of the trabecular struts based
on SMI indicated that the trabecular bone was arranged in a
weaker more rod-like pattern in response to LPS (Table 3).

In this present study, the observations in the proximal
tibial metaphysis were somewhat different compared with
the vertebra. LPS produced an approximately 20% reduction
in BV/TV of the tibia, but this response failed to reach the
level of statistical significance (Figure 1E). No alterations in
the TbN, TbTh, TbSp, ConnDens, and degree of anisotropy
of the tibia were observed with LPS. The only alterations
in trabecular bone to LPS in the tibial metaphysis were an
increase in the SMI (Table 3). Marginal zinc deficiency did
lead to a significant reduction in TbN of the tibia.

Evaluation of cortical bone at the mid-diaphysis of the
tibia revealed that neither the LPS administration nor the —Zn
diet altered the cortical thickness or area, medullary area, and
porosity of the tibia (Table 3).

Table 3 Trabecular and cortical bone microarchitectural parameters of the vertebra and tibia of animals fed with control or zinc

inadequate diet with or without LPS administration

Con/-LPS Con/+LPS —-Zn/-LPS -Zn/+LPS P-values
Diet LPS Diet x LPS
Vertebra
Trabecular bone
TbN (I/mm) 2.81+0.08 2.11+0.08 2.67+0.11 2.26+0.17 0.081 <0.01 0.760
TbTh (mm) 0.046+0.001 0.043+0.001 0.045+0.01 0.043+0.001 0.767 0.833 0.658
TbSp (mm) 0.29+0.02 0.39+0.02 0.30+0.02 0.37+0.02 0.091 <0.01 0.797
ConnDens 67.22+3.80 42.20+4.03 66.22+7.55 51.55+4.68 0.397 <0.01 0.760
SMI 1.60+0.04 2.03+0.07 1.61+0.08 1.88+0.10 0.289 <0.05 0.476
Material density 1,122.8+16.2 1,116.1+£6.2 IL,LI11.3+11.8 1,121.2+12.5 0.550 0.762 0.134
Degree of anisotropy 1.82+0.05 1.8340.12 1.86+0.09 1.8240.12 0.788 0816 0.655
Tibia
Trabecular bone
TbN (1/mm) 3.56+0.06 3.28+0.10 3.35+0.07 3.30+0.09 <0.05 0.057 0.165
TbTh (mm) 0.049+0.002 0.048+0.002 0.049+0.002 0.048+0.001 0.862 0.641 0.989
TbSp (mm) 0.276+0.006 0.296+0.013 0.294+0.007 0.300+0.007 0.230 0.156 0.443
ConnDens 55.47+5.76 43.15+4.14 45.72+7.05 44.99+3.46 0.464 0.232 0.286
SMI 1.98+0.02 2.1740.05 2.00+0.07 2.1840.10 0.851 <0.05 0.952
Material density 1,044.1+21.9 1,013.2+13.9 1,061.7+11.8 995.5+21.6 0.998 <0.05 0.334
Degree of anisotropy 2.50+0.15 2.56+0.29 2.46+0.20 2.38+0.21 0.226 0.887 0.439
Cortical bone
Cortical thickness (mm) 0.202+0.001 0.201+0.004 0.199+0.003 0.195+0.004 0.228 0.430 0.755
Cortical area (mm?) 0.61+0.01 0.6120.01 0.60+0.01 0.60%0.1 0.478 0.809 0.470
Medullary area (mm?) 0.034+0.004 0.040+0.007 0.033+0.004 0.041+0.007 0.957 0.171 0.724
Porosity (%) 5.1+0.6 6.1£0.9 5.2+0.6 6.3£0.9 0.863 0.175 0.635

Note: Values are expressed as means + SE. The magnitude of the statistically significant differences are indicated by P-values <0.05 or <0.01.
Abbreviations: Con, zinc adequate (35 ppm) diet; —Zn, zinc inadequate (5 ppm) diet; LPS, lipopolysaccharide; —LPS, placebo pellet; +LPS, 0.1 mg LPS/kg/day; TbN, trabecular
number; TbSp, trabecular separation; TbTh, trabecular thickness; ConnsDens, connectivity density; SMI, structural model index; SE, standard error.
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Biomechanical properties

of trabecular bone

Alterations in trabecular microarchitecture resulted in lower
total force, stiffness, and size-independent stiffness and
increased von Mises stresses of the trabecular bone of the verte-
bra in the LPS-treated cohort (Table 4). The only negative effect
ofthe —Zn diet on the biomechanical properties at this site was
an increase in the von Mises stresses. Similar observations
were made in regard to alterations in biomechanical properties
of the trabecular bone in the proximal tibial metaphysis; that
is total force, stiffness, and size-independent stiffness were
decreased with LPS administration (Table 4). However, there
were no significant effects of —Zn at this site.

Hepatic gene expression
In order to evaluate the systemic response to —Zn and chronic
LPS, qRT-PCR was performed to determine the alterations
in gene expression associated with zinc status in liver tissue.
Metallothionein, which is highly correlated with liver zinc
status, and the zinc transporter were assessed.**3? The relative
abundance of M72 and ZnT1 mRNA was not significantly
altered by —Zn or LPS (Figure 2A and B). However, the —Zn
diet suppressed the relative abundance of Nrf2 (Figure 2C),
which plays an important role against oxidative stress by
acting to induce detoxifying genes that subsequently leads to
antioxidant responses. Zinc has been shown to be involved in
the regulation of Nrf2 antioxidant function,* which coincides
with the finding of this study that Nrf2 gene expression is
affected by diet.

In terms of inflammatory responses, CD/4 mRNA
expression was altered by diet, LPS treatment, and also

Table 4 Alterations in biomechanical properties of trabecular bone

or inadequate diets, with or without LPS

the interaction between these two factors in this study
(Figure 2D). Marginal zinc deficiency and LPS treatment
alone significantly decreased the relative abundance of CD 14
in liver and the CD14 gene expression was suppressed most
in zinc inadequate groups regardless of LPS treatment. Upon
recognition of LPS, CD14 presents LPS to Toll-like receptor
(TLR4) activating a downstream signaling cascade upregulat-
ing inflammatory cytokines such as TNF-o and IL-1, which
in turn stimulate immune responses.*' Interestingly, the
relative abundance of CD14 gene was lower in Con/+LPS
group than in Con/—LPS group. However, no alteration in
gene expression of either 7LR4 or TNF-o was observed
(Figure 2E and F).

Administration of low-dose LPS upregulated the relative
abundance of Zip/4 in these animals (Figure 2G), which
is comparable to other studies that showed under inflam-
matory conditions, pro-inflammatory cytokines escalated
zinc influx by stimulating Zip 14.4** Increased hepatic zinc
accumulation is one of the characteristic features during
inflammatory responses (eg, zinc’s involvement in hepatic
acute-phase protein production).** However, Zipl4, a zinc
transporter, was not altered at the transcriptional level by zinc
inadequate diet, which coincides with our findings relative
to MT2 and ZnT1I.

Hepatic inflammatory mediators

As anticipated, hepatic TNF-o protein was elevated in
response to LPS. Although zinc deficiency has been shown to
increase pro-inflammatory cytokine production, the marginal
zinc deficiency alone that was achieved in this study did not
alter TNF-o protein in the liver. However, TNF-a in the

in vertebral body and proximal tibial metaphysis by zinc adequate

Con/-LPS Con/+LPS —Zn/-LPS —Zn/+LPS P-values
Diet LPS Diet X LPS

Vertebra

Total force (N) 0.584+0.043 0.36+0.10 0.48+0.06 0.385+0.059 0.595 <0.05 0.383

Stiffness (1x10° N/m) 194.5114.2 120.04+34.88 161.724+20.00 128.17£19.52 0.595 <0.05 0.383

Size-independent stiffness (N/m?) 178.32+13.14 109.12431.17 150.98+19.05 114.46+18.00 0610 <0.05 0.451

Von Mises stresses 5.77 £.030 9.21%1.19 7.76+0.59 10.95£1.01 <0.05 <0.05 0.888
Tibia

Total force (N) 414.69+66.94 186.56149.46 252.76+54.66 223.53+35.89 0.252 <0.05 0.075

Stiffness (1x10% N/m) 577.89+69.76 274.2+48.0 417.84+103.14 357.46165.31 0.611 <0.05 0.117

Size-independent stiffness (N/m?) 184.38+26.58 84.51+£22.95 124.48+31.76 107.31£20.65 0.481 <0.05 0.125

Von Mises stresses 7.86%1.15° 18.16+4.07° 12.50+2.60% 11.67+1.32 0.721 0.080 <0.05

Notes: Finite element (FE) analysis of animals on zinc adequate or inadequate diet with or without LPS treatment. Values are expressed as means + SE. For a given parameter,
values that share the same superscript letter are not significantly different from each other (P>0.05). Statistically significant effects are indicated by P-values <0.05.
Abbreviations: Con, zinc adequate (35 ppm) diet; —Zn, zinc inadequate (5 ppm) diet; LPS, lipopolysaccharide; —LPS, placebo pellet; +LPS, 0.1 mg LPS/kg/day; SE, standard

error.
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Figure 2 Relative alterations in gene expression for indicators of Zn status and inflammatory mediators in liver tissue of mice fed a control or zinc inadequate diet with
lipopolysaccharide (LPS) or placebo administration: (A) Metallothionein 2 (MT2), (B) zinc transporter | (ZnT[), (C) nuclear factor erythroid-2 related factor-2 (Nrf2),
(D) CD14, (E) Toll-like receptor 4 (TLR4), (F) tumor necrosis factor-o. (TNF-0), and (G) Zrt-Irt-like protein 14 (Zip | 4) were evaluated by the comparative cycle number at
threshold (C;) method using Cyclophilin b (Ppib) as the invariant control. Bars with * indicate a diet main effect and # indicate an LPS main effect (P<<0.05). Bars that share
the same superscript letters are not significantly different from each other (Diet x LPS; P<<0.05).

—Zn/+LPS group was significantly higher than the Con/~LPS
(=25%) and Con/+LPS groups (~19%) and tended to be
elevated (P=0.072) in the —Zn/-LPS group (Figure 3).

Discussion

Zinc is a trace mineral with a wide array of functions, includ-
ing regulation of the immune system and bone metabolism.
This study was designed to investigate whether a low-grade
chronic inflammatory challenge would exacerbate the effects
of a marginal zinc deficiency on bone structural and biome-
chanical parameters. The animals were fed a zinc inadequate
diet (ie, 5 ppm) in order to induce marginal zinc deficiency.
Signs and symptoms of severe zinc deficiency, including
decreased food intake, thymic atrophy, and stunted growth,
were not observed in animals fed —Zn diet over a 10-week
period in this study. However, a decrease in bone zinc in the
—Zn groups was observed, which suggests a compromise in
zinc status was achieved. In contrast to the skeletal response,
no alteration in the gene expression of hepatic zinc trans-
porters was observed in response to mild zinc deficiency.

These findings are similar to Blalock et al who observed that
metallothionein mRNA levels in the liver were only altered
by severe (<2 ppm Zn/day) dietary zinc deficiency.** How-
ever, previous studies using rodent models have shown that
zinc-deficient animals, fed <2 ppm zinc/day, significantly
decreased hepatic expression of MTI and -2*% with no

700
600

s at ab
500
400
300
200
100
0

Con/-LPS Con/+LPS  -Zn/-LPS  -Zn/+LPS

#LPS: P<0.05 b#

TNF-o (ug/g tissue)

Figure 3 Comparison of hepatic tumor necrosis factor-o. (TNF-t) protein levels of
mice consuming zinc adequate (Con) or inadequate (—Zn) diet with (I mg/kg body
weight) or without (0 mg/kg body weight) lipopolysaccharide (LPS) treatment. Bars
with # indicate an LPS main effect (P<<0.05). Bars that share the same superscript
letters are not significantly different from each other (Diet x LPS; P<<0.05).
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significant change in ZnT1.%* Taken together, these findings
demonstrate that a model of zinc deficiency was produced that
would allow for the study of physiological changes associated
with a marginal compromise in zinc status.

Physiologically, zinc is known to play a key role in the
development and function of innate and adaptive aspects of
immunity. Cells associated with the innate immune function
such as neutrophils, natural killer cells, and macrophages
require zinc for normal cellular development and function.*
Likewise, the effect of zinc on T-cell and B-cell function is
well established.'®?° The influence of zinc status on T and B
cells is of particular interest in relation to bone metabolism
due to their role in regulating osteoclastogenesis by serving
as a major source of receptor activator of NF-xB ligand and
osteoprotegerin in the bone marrow.*’* The chronic LPS
model utilized in this study has been previously shown to
induce bone loss coincident with a low-level pro-inflamma-
tory state characterized by upregulated TNF-a., IL-1f, and
cyclooxygenase-2 in bone.’**! Because both zinc deficiency
and chronic inflammation are known to contribute indepen-
dently to bone loss, this study was to determine the extent to
which bone mass and biomechanical properties were altered
in mice with marginal zinc deficiency that are immunologi-
cally challenged by a low-grade inflammation.

The findings of this study revealed that bone loss, as
indicated by whole body BMD, was not observed with
marginal zinc deficiency or chronic LPS in young growing
mice. Notably, whole body BMD reflects changes primarily
in cortical bone as opposed to trabecular bone due to cortical
bone comprising approximately 80% of the skeleton. Evalu-
ation of the spine BMD, a site with a greater proportion of
trabecular bone, revealed that LPS reduced bone density, but
no alterations occurred in response to —Zn. Similar results were
observed with marginal zinc deficiency by Erben et al* and
Scrimgeour et al'’ in that zinc status did not significantly alter
BMA, BMC, and BMD in a rat model. While BMD provides
important information relative to the overall density of the
bone, it was important to further assess the alterations occur-
ring within the trabecular and cortical bone compartments.
MicroCT analyses revealed that marginal zinc status resulted
inatrend (P<<0.1) toward reduced numbers of trabecular struts
in both the tibial proximal metaphysis and the vertebral body.
Whether or not these changes in trabecular bone would have
reached the level of statistical significance with an extended
study duration remains in question. In agreement with our
previous reports,***! mice receiving the chronic LPS treatment
had induced deterioration of trabecular bone within the lumbar
vertebra (ie, decreased BV/TV, TbN, and ConnDens) compared

with control animals. It is important to note that this model
utilizes doses of LPS that are 50-100x lower than the doses
used in traditional sepsis studies. The results in this current
study indicate alterations in trabecular bone at the vertebra site,
primarily were affected by LPS administration, but no changes
in cortical bone microarchitectural parameters were observed
over the 10-week study period. LPS treatment in a context of
marginal zinc deficiency did not exacerbate deterioration of
bone microarchitecture in these young growing animals.

In addition to reporting the structural changes in bone,
it is also important to understand how the biomechanical
properties of bone are altered by zinc status and LPS which
will ultimately determine fracture risk. Our data show that in
the vertebra, the von Mises stresses were increased in mice
treated with the —Zn diet. This is an expected response based
on the fact that von Mises stresses represent the amount of
stress the trabecular bone was undergoing at a given load in
the FE model. These findings demonstrate greater stress in
the —Zn animals compared with the controls and consequently
greater risk of mechanical failure. Scrimgeour et al®® reported
that moderate zinc deficiency in young adult Sprague Dawley
rats compromised bone biomechanical properties of the tibia.
These findings take into consideration with the findings of the
current study indicate that marginal zinc deficiency leads to
compromised bone biomechanical properties despite the lack
of a change in bone density or trabecular microarchitecture.
Aside from the effects of zinc on bone strength, the changes
induced by LPS were also examined. A reduction in the tra-
becular bone biomechanical properties in the mice treated
with LPS was observed in both the spine and the proximal
tibial metaphysis, which is similar to our previous findings.*
Interestingly, the decrease in trabecular bone strength in the
tibia occurred despite the lack of bone histomorphometric
changes. This observation would suggest that the changes
occurring in bone strength with LPS were not solely depen-
dent on the amount of trabecular bone present or its spatial
arrangement, but were a result of alterations in the protein
matrix or some other factor that can affect bone strength.
Collectively, the FEA data indicate that although —Zn and
LPS negatively affected biomechanical properties on an
independent basis, this response was not exacerbated when
these two factors were combined.

The question of whether or not the alterations in the
immune system occurring with zinc deficiency would aug-
ment the effects of LPS on the systemic immune response
was a key aspect of this study. LPS is known to bind to CD14
on macrophages, especially the hepatic Kupffer cells, which
makes the liver an appropriate target organ for the assessment
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of the systemic inflammatory response.*® We showed that
the relative abundance of CD/4 RNA was suppressed by
the —Zn diet, but this response was not altered with LPS
treatment. We are not aware of previous reports of decreased
hepatic CD14 with a marginal dietary zinc deficiency, but this
response may provide an explanation as to why the response
to chronic LPS exposure was not as pronounced as expected
in the context of zinc deficiency in this study. Because
CD14 is a co-receptor with TLR4 and MD-2, involved in
the recognition of LPS and the subsequent inflammatory
signaling, downregulating CD14 is likely to increase the risk
of infection. In this study, we did show that no alteration in
the relative abundance of TLR4 and TNF-o RNA occurred,
but Zip14 which is known to be upregulated in response to
inflammation,*** was increased in the LPS-treated groups.
Although TNF-a was not altered at the transcriptional level,
hepatic TNF-a protein production was significantly increased
in the LPS-treated mice. Importantly, this increase in hepatic
TNF-o was even more pronounced in the —Zn/+LPS group.
These findings demonstrate that the low-dose chronic inflam-
mation challenge utilized in this study in conjunction with a
marginal zinc deficiency produces a modest increase in the
inflammatory response, but not to the extent that detrimental
effects are observed on bone.

Conclusion

The results of this study suggest that marginal zinc deficiency
resulting in a modest reduction of zinc content of bone did not
significantly alter BMD or cortical bone, but did have detri-
mental effects on some trabecular bone parameters and bio-
mechanical properties over the 10-week study period in young
growing animals. A more robust effect on bone was observed
in response to the low-grade chronic inflammatory state pro-
duced by the chronic LPS model, which resulted in loss of
trabecular bone and impaired biomechanical properties from
LPS administration. Despite the fact that an LPS challenge
in the context of a marginal zinc deficiency further increased
hepatic TNF-a production, this response did not translate to
more detrimental effects on bone structural parameters. It
remains to be determined whether the same skeletal protec-
tion from the combined effect of —Zn and LPS observed in the
young growing mice in this study would be afforded in aging
models in which immunosenescence may occur.
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