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Summary

Nutritional zinc deficiency leads to immune dysfunction and aggravates inflammation.

However, the underlying mechanism remains unknown. In this study, the relationship

between macrophage subtypes (M1 and M2) or helper T lymphocytes (Th1 and Th2) were

investigated using the spleen from rats fed zinc-deficient or standard diet. In experiment I,

five-week-old male Sprague-Dawley rats were fed zinc-deficient diet (without zinc

additives) or standard diet (containing 0.01% zinc) for 6 weeks. In experiment II, the rats

were divided into four groups: one group was fed a standard diet for 6 weeks; two groups



were fed zinc-deficient diet and were injected three times a week with either saline or

interleukin (IL)-4 (zinc-deficient/IL-4 i.p.); a fourth group (zinc-deficient/standard) was fed

a zinc-deficient diet for 6 weeks followed by a standard diet for 4 weeks. In experiment [;

GATA-3 protein level, M2 macrophage, CD3+-CD8-cell, and IL-4/IL-13-positive cells

significantly decreased in the spleens of zinc-deficient group. Additionally, IL-13 and MIP-

la mRNA levels significantly increased in the splenic macrophages of zinc-deficient group.

In experiment II; M2 macrophages, CD3+-CD8- cells, IL-4/IL-13-positive cells, and GATA-3

protein levels signfiicantly increased in the spleens of the zinc-deficient/IL-4 i.p. and zinc-

deficient/standard groups. Furthermore, IL-1B and MIP-1oo mRNA levels decreased in the

splenic macrophages of the zinc-deficient/IL-4 i.p. and zinc-deficient/standard groups. Zinc

deficiency-induced aggravated inflammation is related to Th2 lymphocytes and followed by

the association with loss of GATA-3, IL-4, and anti-inflammatory M2 macrophages.

Importantly, IL-4 injection or zinc supplementation can reverse the effects of zinc

deficiency on immune function.

Introduction

Zinc is an essential trace element in humans and animals."® Indeed, zinc is required by more

than 300 zinc finger transcription factors and enzymes that regulate cell activation and gene



expression.* Accordingly, nutritional zinc deficiency leads to growth retardation, taste

abnormalities, dermatitis, depilation, immune dysfunction,*and higher risk of inflammatory

diseases.>” Inadequate zinc intake was recently reported in children and adults in the United

States,** Mexico, Colombia," and Japan." The effects of zinc deficiency on immunity are

related to the lower production of T lymphocytes and cytokines.” In addition,

overexpression of the inflammatory proteins iNOS and interleukin (IL)-1p aggravated lung

inflammation in rats with zinc deficiency.” In vitro studies showed that the levels of

inflammatory cytokines (IL-1p, IL-6, or tumor necrosis factor-a (TNF-a)) increased due to

the formation of reactive oxygen species (ROS) in immune cells under conditions of zinc

deficiency."'s However, other mechanisms may also be involved, which have not yet been

elucidated.

All T lymphocytes express CD3 on their surfaces and play important roles in pathogen

defense, tumor development, and inflammation. T lymphocytes include various subsets,

which are produced via the differentiation of naive T lymphocytes (CD4+ CD8-) into helper

T lymphocytes (CD3+CD4-) or cytotoxic T lymphocytes (CD3+ CD8-) in the thymus.16

Helper T lymphocytes also exhibit various subtypes, such as T helper type 1 (Th1), Th2,

Th17, and Treg cells. All helper T lymphocyte subtypes are associated with various



inflammatory diseases."” In particular, the balance between Th1 and Th2 lymphocytes, and

pro-inflammatory M1 and anti-inflammatory M2 macrophages determines the macrophage

subtype-based inflammatory response. Interferon-I1 (IFN-y) or IL-12 induce the

differentiation of naive CD4 cells into Th1 lymphocytes via the transcription factor T-bet.

Subsequently, Th1 Ilymphocytes produce TNF-a and IL-6, which promote differentiation of

immature macrophages into M1 macrophages.'* However, Th2 lymphocytes generated from

naive CD4 cells by IL-4 or IL-13 via the transcription factor GATA-binding protein 3

(GATA-3) also produce IL-4 and IL.-13, which induce the differentiation of immature

macrophages into M2 macrophages.” GATA-3 is a zinc finger transcription factor that

requires zinc for its function and stability.?? Reports show that zinc deficiency induces

oxidative stress-induced DNA damage,21 which underscores the importance of zinc finger

proteins in cellular processes.” Zinc deficiency and increased oxidative stress could be

possibly related to loss of zinc finger structure. Zinc deficiency inhibits zinc finger proteins,

poly (ADP-ribose) polymerase-1, and hepatocyte nuclear factor-4a, an effect that was

reversed by zinc supplementation.>> Similarly, zinc deficiency may affect Th2 lymphocyte

differentiation and/or their ability to produce IL.-4 and IL-13 because of their GATA-3

requirement. Therefore, zinc deficiency-induced aggravation of inflammation may be

caused by imbalances in Th1/Th2 and M1/M2 macrophage ratios. Although zinc deficiency



reduces IL-4 mRNA levels in vitro,*its association with Th1/Th2 levels has not been

demonstrated in vivo.

Therefore, we hypothesized that zinc deficiency leads to immune dysfunction and

exacerbation of inflammatory responses because of loss of GATA-3 function. This inhibits

Th2 lymphocyte formation and decreases IL.-4 production, which subsequently decreases

IL-4-induced M2 macrophage numbers and inhibits anti-inflammatory reactions.

To elucidate this hypothesis, we analyzed spleens from rats fed a standard or a zinc-

deficient diet and determined the mRNA levels of macrophage and T lymphocyte cytokines

(IL-1B, IL-4, IL-6, IL-13, TNF-a, and IFN-y) and chemokines (MCP-1, MIP-1a).

Furthermore, we performed immunohistochemical staining of M1/M2 macrophages and

Th1/Th2 lymphocytes, determined the population of CD3+CD8+and CD3+CD4- cells, and

quantified GATA-3 protein expression. Finally, we tested whether the effects of zinc

deficiency on inflammatory markers are inhibited by IL.-4 administration or recovered by

zinc supplementation.

Methods

Experimental design

Five-week-old male Sprague-Dawley rats weighing 180-200 g were obtained from Charles



River (Tokyo, Japan). As illustrated in Fig. 1, in the first experiment (experiment I), the rats

were divided into two groups (n = 13/group) and fed 17 g/day of either a zinc-deficient diet

(without zinc additives) or standard diet (containing 0.01% zinc) for 6 weeks. Standard and

zinc-deficient diets were specially made by Oriental Yeast Co. Ltd., Tokyo, Japan

(Supplemental Table 1). In the second experiment, (experiment II), the rats were divided

into four groups (n = 7/group), one of which was fed 17 g/day of a standard diet (containing

0.01% zinc) for 6 weeks (n = 7); two groups were fed zinc-deficient diet (n = 7/each) and

were injected three times a week > with either saline or 100 ng IL-4/rat (Wako, Tokyo,

Japan) dissolved in saline (zinc-deficient/IL-4 i.p.); a fourth group (zinc-deficient/standard)

was fed a zinc-deficient diet for 6 weeks followed by a standard diet for 4 weeks. The

animals were housed in separate cages at 22 [JC under a 12-h light/dark cycle, in

accordance with the protocols and guidelines approved by the Animal Experimentation and

Ethics Committee of The Jikei University School of Medicine. After dietary manipulation,

blood samples were collected from the abdominal aorta under isoflurane anesthesia, and the

spleens were harvested in 10% formalin neutral buffer solution or Roswell Park Memorial

Institute (RPMI)-1640 buffer.



Serum zinc, copper, and malondialdehyde (MDA ) levels, and superoxide dismutase (SOD)

activity

Blood was collected in a 15-mL centrifuge tube and centrifuged at 3,000 rpm for 10 min.

Serum Zn and Cu were quantified using ACCURASAUTO Zn and QUICKAUTO NEO Cu

kits (Shino-test, Kanagawa, Japan), as described previously.”” MDA was quantified using

an MDA/thiobarbituric acid reactive substances (TBARS) assay kit (Japan Institute for the

Control of Aging, Shizuoka, Japan), following the manufacturer’s protocol.» Total SOD

activity was measured using the SOD assay kit-WST (Dojindo, Rockville, MD, USA)

according to the manufacturer’s instructions. Mn-SOD activity was calculated by adding 1.5

mM diethyldithiocarbamate to the serum and incubating the mixture for 30 min at 37°C.

Subsequently, Cu/Zn-SOD activity was calculated as total SOD activity — Mn-SOD activity.

Histology and immunohistochemistry

Spleen sections (3-um-thick) were deparaffinized by serial incubation for 3 min each in

xylene (x3), 99.5% ethanol (x2), 80% ethanol (x1), and 70% ethanol (x1). The specimens

were then washed in gently running tap water for 5 min (x1), immersed in distilled water

for 1 min (x2), and stained with hematoxylin and eosin (H-E).

The spleen sections were analyzed by immunohistochemistry as described previously.»?



Spleen sections (6-um-thick) were deparaffinized, washed in gently running tap water for 5

min (x1), and immersed in distilled water for 1 min (x2). Endogenous peroxidase activity

was inactivated using 0.3% hydrogen peroxide, and the spleen sections were blocked for 50

min in Blocking One (Nacalai Tesque, Tokyo, Japan), washed twice for 5 min each in Tris-

buffered saline (TBS), and probed overnight with antibodies against ED1 (CD68, a marker

of immature/general macrophages),”>* ED2 (CD163, a marker of M2 macrophages),** ED3

(CD169, a marker of M1 macrophages),” IL.-4, IL-13, or GATA-3 (markers of Th2

lymphocyte-related factors), and IFN-y or T-bet (markers of Th1 lymphocyte-related

factors). The antibodies and immune cell markers used in this study are listed in Table 1.

Antibodies were diluted 1:50 in TBS containing 1% bovine serum albumin. The sections

were then washed with TBS for 5 min (x2), incubated for 50 min with Envision™ + polymer

(Dako, Tokyo, Japan), thoroughly washed with TBS, reacted with streptavidin conjugated

to horseradish peroxidase (HRP), and stained with 0.3% diaminobenzidine. Following

staining of the nuclei with hematoxylin, the sections were mounted with EntellanNeu

(Merck-Millipore, Tokyo, Japan). For computer-assisted imaging analysis of CD68,

CD163, CD169, IL-4, IL-13, and IFN-y immunohistochemical staining, positive cells were

counted in the area of the spleen. Twenty randomly selected fields from the same spleen

section were photographed at a magnification of 200x using a fluorescence microscope



(BZ-9000; Keyence, Tokyo, Japan). The CD68-, CD163-, CD169-, IL-4-, IL-13-, GATA-

3-, IFN-y-, and T-bet-positive cells were counted and averaged (cells/20 fields). To

objectively confirm the results of histological scoring, a computer-assisted analysis was

conducted using the WinROOF2013 image processing software (Mitani, Tokyo, Japan).

Sampling of splenic macrophages and lymphocytes, and RNA extraction

Splenic cell cultures and total mRNA were obtained as described previously.* Splenic cell

suspensions were prepared using a cell strainer (BD Falcon, Tokyo, Japan). Red blood cells

were removed by adding 5 mL erythrocyte lysis buffer (0.15 M NH4Cl, 1 mM KHCO3, and

0.1 mM ethylenediaminetetraacetic acid), incubating on ice for 1 min, and centrifuging at

1,000 rpm for 5 min at 4 °C. After discarding the supernatant, the cells were resuspended in

10 mL RPMI-1640 medium containing 100 U/mL penicillin, 100 u g/mL streptomycin

(Nikken, Kyoto, Japan), and 5% heat-inactivated fetal bovine serum (FBS; Equitech-Bio,

Kerrville, TX, USA), and were incubated for 50 min at 37 °C. The medium was collected to

obtain non-adherent cells, whereas the adherent cells were harvested in 1 mL medium.

Adherent and non-adherent cells were counted using a hemocytometer, diluted to 2.5 x 10¢

cells/mL in RPMI-1640, and seeded in a 24-well culture plate at 5 x 10¢cells/well. The

adherent cells were activated for 6 h at 37 °C in 2 mL. medium containing 100 ng/mL



lipopolysaccharide type 0111:B4 from Escherichia coli (Sigma-Aldrich, Tokyo, Japan), a

macrophage-activating factor, and total RNA was extracted using 1 mL TRIzol reagent

(Thermo Fisher Scientific, Tokyo, Japan) according to the manufacturer’s protocol.

Similarly, non-adherent cells were activated for 24 h in 2 mL. medium containing 1.25

pg/mL concanavalin A (Wako, Tokyo, Japan), a T lymphocyte mitogen, and centrifuged at

1,000 rpm for 5 min. RNA was extracted using TRIzol reagent

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR)

cDNA was synthesized from mRINA using a Transcriptor first strand cDNA synthesis kit

(Roche Diagnostics, Tokyo, Japan). The mRNA levels of TNFa, IL-1 8, IL-6, MCP-1,

and MIP-1 o (Universal Probe Library; Roche Applied Science) in macrophages and those

of IFN-y, IL-4, and IL-13 (Universal Probe Library) in T lymphocytes were assessed by

gPCR and normalized to that of 18S rRNA. Primers and annealing temperatures are listed in

Table 2. Targets were amplified on a LightCycler Nano (Roche Diagnostics) using

LightCycler FastStart DNA Master™vs SYBR Green I (Roche Diagnostics) over 40 cycles of

denaturation at 94 °C, annealing at temperatures indicated in Table 2, and extension at

72 °C. Calibrator-normalized cytokine to 18S rRNA relative ratio was calculated as the

index of mRNA expression of each cytokine, following the manufacturer’s protocols



(Roche). -+

Flow cytometry

Splenic cell cultures were prepared following the method used for RNA extraction. Isolated

macrophages and lymphocytes were diluted to 1 x 10¢cells/mL in phosphate-buffered saline

(PBS) with 5% FBS, blocked with goat serum (Jackson ImmunoResearch, Baltimore, PA,

USA) at 4 °C for 10 min, washed with PBS containing 5% FBS, and probed with FITC-

CD3, PE-CD8a, and APC-CD4 antibodies diluted in PBS with 5% FBS at 4 °C for 30 min.

The antibodies and immune cell markers are listed in Table 1. Background fluorescence

was quantified using FITC mouse IgM « isotype control, APC mouse IgG1 k isotype

control, and PE mouse IgG1 k isotype control (BioLegend, San Diego, CA, USA). Data

were collected on a MACSQuant analyzer and processed using MACSQuantify (Miltenyi

Biotec, Bergisch Gladbach, Germany).



Immunomagnetic separation

Splenic cell cultures were prepared following the method used for RNA extraction, diluted

to 5 x 10cells/mL in RPMI-1640 with 5% FBS, and probed with CD4 antibodies

(BioLegend) diluted in the same medium at 4 °C for 40 min. Then, the cells were washed

with 5 mL PBS, centrifuged at 1,000 rpm and 4 °C for 5 min, and incubated with

immunomagnetic mouse secondary antibodies (Miltenyi Biotec) at 4 °C for 30 min. Finally,

CD4+cells were isolated on an OctoMACS™ separator (Miltenyi Biotec) using MS columns.

CD4-+ cells stimulated with concanavalin A were collected in the same manner after

stimulation for 24 h and centrifugation at 1,000 rpm for 5 min.

Western blotting

Whole spleen samples and T lymphocytes were homogenized by sonication on ice in tissue

protein extraction reagent (Thermo Fisher Scientific), 5 mM 2-mercaptoethanol, and a

protease inhibitor followed by centrifugation. The total protein content in the lysates was

measured using the Bradford assay, and 60 pg protein from whole spleen and 30 pg from

CD4- cells were mixed with sample buffer, boiled at 95 °C for 10 min, separated on a 10%

polyacrylamide gel, and transferred to polyvinylidene fluoride membranes (Merck-

Millipore) using a semi-dry blot transfer system (Nihon Eido, Tokyo, Japan). The



membranes were blocked in 5% skim milk for 2 h and probed overnight with 1:100 GATA-

3 (Santa Cruz Biotechnology, Dallas, TX, USA) and 1:5,000 B-actin (Sigma-Aldrich, St.

Louis, MO, USA) antibodies. After washing thrice with skim milk for 5 min each, the

membranes were incubated with 1:5,000 dilution of goat anti-mouse IgG conjugated to

HRP (Sigma-Aldrich) for 1 h. The immunocomplexes were visualized using Lumina™ Forte

Western HRP substrate (Merck-Millipore). GATA-3 and -actin were quantified using

Multi Gauge ver 3.0 (Fujifilm, Tokyo, Japan).

Statistical analysis

Groups in experiment I were compared using the Mann-Whitney U test, whereas groups in

experiment II were compared using ANOVA, followed by the Student-Newman-Keuls test.

Data were analyzed using Statview J-5.0 software (SAS Institute, Cary, NC, USA), and

differences were considered significant at P < 0.05.

Results

Experiment I

Physiological effects of zinc deficiency in rats

Zinc deficiency leads to growth retardation, thymus atrophy,* accumulation of ROS,



dermatitis, and depilation.* In this study, we examined rats fed zinc-deficient or standard

diet for 6 weeks.> The mean body weight, relative spleen weight, serum Zn, Cu, and MDA

levels, and Cu/Zn-SOD activity of these rats were determined using the procedure in

experiment [ (Fig. 1) and are listed in Table 3. The final body weight, serum Zn, and total

SOD and Cu/Zn-SOD activities were significantly lower, whereas relative spleen weight

and serum Cu, Cu/Zn ratio, and MDA levels were significantly higher in rats fed zinc-

deficient diet than in those on a standard diet. These results suggested that zinc deficiency

affects body weight, relative spleen weight, and serum antioxidant enzyme activity, and

increases oxygen radical levels.

Zinc deficiency affected cytokine mRNA expression

Zinc deficiency reportedly increases inflammatory cytokine expression® and suppresses T

lymphocyte and cytokine production.” The adherent (macrophages) and non-adherent cells

(Iymphocytes) were separated from the spleen using a cell culture plate. In addition,

macrophages and lymphocytes were also obtained from lymphocytes stimulated with the T

Ilymphocyte mitogen concanavalin A and macrophages stimulated with lipopolysaccharide.

We determined the mRNA levels of inflammatory cytokines or chemokines (TNFa, IL-1p,

IL-6, MIP-1a, and MCP-1) in lipopolysaccharide-stimulated splenic macrophages, as well



as those of IFN-y, IL-4, and IL-13 in concanavalin A-stimulated lymphocytes in rats fed

standard or a zinc-deficient diet (Fig. 2). Macrophage IL-1B and MIP-1a levels were

significantly higher, whereas T lymphocyte IL.-4 and IL.-13 mRNA levels were significantly

lower in rats on a zinc-deficient diet. Macrophage TNFa, IL-6, and MCP-1 mRNA levels

were also higher, albeit not significantly, in rats on a zinc-deficient diet. However, T

Iymphocyte IFN-y mRNA level was comparable between the two groups. These results

suggested that zinc deficiency increases the macrophage-mediated inflammatory reaction

and decreases IL-4 and IL-13 production by T lymphocytes in rat spleen.

Zinc deficiency affected Th2 cytokines and M2 macrophages in the spleen

Based on the above results, we performed morphological analysis and

immunohistochemistry to evaluate the effects of zinc deficiency on the number of

macrophage subtypes (M1 and M2) and Th1 (IFN-y)/Th2 (IL-4 or IL-13) cytokine-

producing lymphocytes in the spleens of rats fed zinc-deficient diet. Histologically, the

spleen was comparable between rats provided standard and zinc-deficient diets, as assessed

on sections stained with H-E (Fig. 3). Macrophages and T lymphocytes were also observed

by immunohistochemistry in the red pulp area (Fig. 4a, 5a). The number of CD163-positive

cells was significantly decreased in rats that were on a zinc-deficient diet, whereas the



numbers of CD68- and CD169-positive cells were comparable between the two groups (Fig.

4b). Similarly, the numbers of IL-4- and IL-13-positive cells were significantly decreased in

rats on zinc-deficient diet than in rats on a standard diet, whereas the number of IFN-y-

positive cells was comparable between the two groups (Fig. 5b). Thus, zinc deficiency

affects the number of Th2 (IL-4 or IL-13) cytokine-producing lymphocytes and M2

macrophages in the spleen.

Zinc deficiency affected cytotoxic T lymphocytes, but not helper T lymphocytes, in the

spleen

Zinc deficiency can lead to thymus atrophy.“ Therefore, we assessed the effect of zinc

deficiency on the numbers of CD3+, CD4+, and CD8- cells in the spleen. Flow cytometry

was used to determine the percentages of CD3+, CD4+, and CD8- cells in splenocytes

obtained from rats fed standard or zinc-deficient diet (Fig. 6a). The population of CD3+

CD8-cells (cytotoxic T lymphocytes) was significantly decreased in rats that were on zinc-

deficient diet than in rats on a standard diet (Fig. 6b), whereas the population of CD3+CD4~

cells (helper T lymphocytes) was comparable between the two groups. Thus, zinc

deficiency affects the percentages of cytotoxic T lymphocytes, but not that of helper T

lymphocytes, in the spleen. In addition, the decrease in the number of cytotoxic T



lymphocytes may be related to the inflammatory response because of zinc deficiency.

GATA-3 expression was lost upon zinc deficiency

GATA-3 is a zinc finger transcription factor essential for the differentiation of Th2

lymphocytes. Therefore, zinc deficiency may affect Th2 lymphocyte differentiation.

GATA-3 expression was analyzed using western blotting of whole spleen samples from rats

fed standard or zinc-deficient diet, as well as of CD4-cells unstimulated or stimulated with

concanavalin A (Fig. 6¢). GATA-3 expression was significantly lower in all samples

collected from rats on a zinc-deficient diet but was unaffected by stimulation with

concanavalin A in CD4- cells. These results indicate that loss of GATA-3 in the whole

spleen and in isolated splenic CD4" cells unstimulated or stimulated with concanavalin A is

possibly because of zinc deficiency.

Experiment IT

Physiological indices of rats fed zinc-deficient diet and the effects of IL-4 injection or

zinc supplementation

Based on the above observations, we investigated whether the effects of zinc deficiency can

be inhibited by IL.-4 administration or recovered by zinc supplementation. The mean body



weight, relative spleen weight, serum Zn, Cu, and MDA levels, and SOD activity in rats

treated according to experiment II protocol were determined (Fig. 1) and are listed in Table

4. The final measured body weight was significantly higher in rats fed a standard diet than

in rats on zinc-deficient diet and additional treatments. Similarly, the final measured body

weight was significantly higher in rats that were returned to a standard diet after 6 weeks on

a zinc-deficient diet than in rats that were on a zinc-deficient diet only or were injected with

IL-4 while on a zinc-deficient diet. In addition, the spleen weight was significantly lower in

rats that were on a zinc-deficient/IL-4 i.p., whereas the relative spleen weight was

significantly higher in rats fed zinc-deficient diet alone than in rats of other groups. In

contrast, the serum Zn level, and total SOD, and Cu/Zn-SOD activities were significantly

lower, whereas Cu/Zn ratio and MDA levels were significantly higher in rats that were on

zinc-deficient diet and were injected with IL-4 than in rats fed standard diet or those

returned to standard diet after being on zinc-deficient diet. Serum Cu level was significantly

higher only in rats on zinc-deficient diet than in rats in other groups. This showed that

return to standard diet recovered the effects of zinc deficiency on body weight and serum

indices. In contrast, [L-4 injection while on the zinc-deficient diet did not inhibit these

parameters, as there was no zinc supplementation.



IL-4 injection and zinc supplementation inhibited the increase in inflammatory

cytokine expression induced by zinc deficiency

Next, we evaluated whether the effects of zinc deficiency on inflammatory cytokine

expression are inhibited by IL-4 administration or recovered by zinc supplementation. The

mRNA levels of inflammatory cytokines and chemokines (IL-1p and MIP-1a) in

lipopolysaccharide-stimulated splenic macrophages, as well as IFN-y and IL-4 mRNA

levels in concanavalin A-stimulated lymphocytes, in all groups fed according to experiment

II are shown in Fig. 7. Macrophage IL-1p and MIP-1a levels were significantly higher in

rats on zinc-deficient diet than in all other groups. In contrast, T lymphocyte I1L-4 level was

decreased in rats on a zinc-deficient diet, whereas IFN-y mRNA level was comparable

among all groups. These results indicated that the effects of zinc deficiency on

inflammatory cytokines are inhibited by IL.-4 administration or recovered by zinc

supplementation.

IL-4 injection and zinc supplementation reversed the zinc deficiency-induced decrease

in the number of positive cells for Th2 lymphocyte-related factors and M2

macrophages

Zinc deficiency decreased the number of M2 macrophages and Th2 cytokine levels in



experiment I, indicating that the inflammatory response was not inhibited. Therefore, we

evaluated whether the effect of zinc deficiency on the number of positive cells for Th2

lymphocyte-related factors (IL-4, IL-13, and GATA-3) and M2 macrophages could be

inhibited by IL-4 administration or recovered by zinc supplementation. Histologically, the

spleen did not change in rats treated according to experiment II as assessed on spleen

sections stained with H-E (Supplemental Fig. 1). The spleen sections were also analyzed by

immunohistochemistry for CD163, IL-4, GATA-3, IFN-y, and T-bet, the representative

results of which are shown in Fig. 8a. The number of CD163-, IL-4-, IL-13- and GATA-3-

positive cells were significantly decreased in rats that were on zinc-deficient diet only

compared to all other groups (Fig. 8b) (Supplemental Fig 2), whereas the number of IFN-y-

and T-bet- positive cells was comparable among all groups. In both experiments (see

previous paragraph), IL-4 injection or zinc supplementation increased the number of

positive cells for Th2 lymphocyte-related factors (IL-4, IL-13, and GATA-3) and anti-

inflammatory M2 macrophage levels, which inhibited the increase in zinc deficiency-

induced inflammatory cytokine levels.

IL-4 injection and zinc supplementation inhibited the reduction in the number of

cytotoxic cells due to zinc deficiency



Flow cytometry analyses in experiment I indicated that zinc deficiency decreased CD3~

CD8-cell numbers (cytotoxic T lymphocytes), whereas it did not affect the total percentages

of helper T lymphocytes (CD3+ CD4+ cells) in the spleen. Figures 9a and b show the

percentages of CD3+, CD4-, and CD8+ cells in splenocytes, as assessed by flow cytometry,

in rats fed zinc-deficient diet and subjected to additional treatments (experiment II).

The population of CD3+CD8: cells (cytotoxic T lymphocytes) was significantly decreased

in rats fed zinc-deficient diet only compared to all other groups. In contrast, there was no

significant difference in the population of CD3+-CD4-cells (helper T lymphocytes). IL.-4

injection and zinc supplementation inhibited inflammation due to zinc deficiency and

thereby prevented the reduction in the number of cytotoxic T lymphocytes.

Zinc supplementation, and not IL-4 injection, recovered the zinc deficiency-induced

reduction in GATA-3 expression

GATA-3 expression in whole spleen and CD4-cells isolated from the spleen unstimulated

or stimulated with concanavalin A was assessed using western blotting (Fig. 9c) in rats fed

a zinc-deficient diet with additional treatments. GATA-3 expression was significantly lower

in all samples from rats that were on zinc-deficient diet only than in rats fed standard diet or

those returned to a standard diet following the zinc-deficient diet. Furthermore, GATA-3



expression in the unstimulated CD4- cells was significantly lower in rats on zinc-deficient

diet and injected with IL-4 than in rats fed standard diet or those returned to standard diet

following the zinc-deficient diet. As serum Zn concentrations remained low due to lack of

dietary zinc (Table 4), IL-4 injections might not increase GATA-3 expression. In contrast,

GATA-3 expression was recovered by the increase in serum zinc level in rats that were

reverted to standard diet following the zinc-deficient diet. Moreover, the CD4- cells after

concanavalin A stimulation did not differ significantly between rats of the zinc-deficient

diet/IL-4 i.p. group and those of the “standard diet after zinc-deficient diet” group.

Dermatitis/depilation and inflammatory response recovery after zinc deficiency

Previous reports show that zinc deficiency leads to dermatitis and depilation.* Our results

suggest that dietary zinc intake for 4 weeks effectively resolves dermatitis, depilation, and

inflammatory response (Fig. 10). Strong dermatitis and depilation were observed in rats fed

zinc-deficient diet for 6 weeks or those returned to standard diet after 6 weeks of the zinc-

deficient diet. Recovery from dermatitis was observed in rats 7 weeks after they were

returned to standard diet post-zinc-deficient diet. Furthermore, recovery from depilation

was observed 8, 9, and 10 weeks after return to standard diet from a zinc-deficient diet.



Discussion

Zinc deficiency induces immune dysfunction and aggravates inflammation, although the

mechanism underlying these effects has not yet been completely elucidated. Thus, we

analyzed the balance between M1 and M2 macrophages and Th1 and Th2 lymphocyte-

related factors in the spleens of rats on a zinc-deficient diet. We observed that these rats

gained significantly lower body weight than rats on a standard diet (Table 3), confirming

that zinc deficiency delays growth, probably because of inefficient DNA/RNA synthesis

and cell division.” A significant increase in the relative weight of spleen without any

morphological changes (Fig. 3) was also observed, suggesting that this increase was

probably because of less body weight gain and inflammation-induced spleen swelling.* Zinc

deficiency also altered the Zn/Cu ratio in blood, resulting in reduced Cu/Zn-SOD activity,*

and consequent accumulation of ROS in the blood, as indicated by the increase in MDA

level (Table 3). Thus, zinc deficiency may aggravate inflammatory reactions by promoting

ROS production.2

Based on mRINA expression and immunohistochemical staining for macrophage subtypes

and lymphocyte-associated cytokines in the spleen, zinc deficiency was found to enhance

the production of inflammatory cytokines (IL-1p, TNF-a, and IL-6) and chemokines (MCP-

1 and MIP-10) by macrophages, suggesting that the associated inflammatory response is



related to splenic macrophages (Fig. 2). This result is consistent with the observations of

Wong et al. (2015), who demonstrated a relationship between zinc deficiency,

macrophages, and inflammatory cytokines in human monocytes.” Nevertheless, zinc

deficiency did not affect the number of immature and M1 macrophages in the spleen (Fig.

4), suggesting that the increase in the expression of inflammatory cytokines is not due to the

formation of additional M1 macrophages. Therefore, it is possible that zinc deficiency

activates resident M1 macrophages in response to dermatitis or ROS.# In contrast, zinc

deficiency decreased the number of M2 macrophages (Fig. 4), indicating that a decrease in

the anti-inflammatory activity of M2 macrophages may indirectly contribute to

inflammation. Furthermore, the number of M2 macrophage inducers, i.e., IL-4 and IL-13

producing cells, was also low (Fig. 5), suggesting that zinc deficiency promotes

inflammation by suppressing the anti-inflammatory Th2 cytokine—M2 macrophage

pathway. Indeed, zinc deficiency suppresses IL-4 expression in T lymphocytes in vitro.*

Notably, zinc deficiency did not affect the number of IFN-y- and T-bet positive cells (Thl

lymphocyte-related factors), as well as IFN-y mRNA levels. Reports show that Th1/Th2

cytokine production and IFN-y ression are lowered during zinc deficiency.** Prasad et al.

(2000) demonstrated that Th1 cytokine levels are reduced by daily intake of 2-3 mg low

zinc* and Lu et al. (2012) showed that IFN-y production is low during zinc deficiency.* In



contrast, we observed that IFN-y expression and the number of IFN-y producing cells did

not decrease significantly in zinc-deficient rats; furthermore, rats on 6 weeks of zinc-

deficient diet were more susceptible to strong dermatitis-associated infections (Fig. 10).

Therefore, IFN-y expression and the number of IFN-y producing cells may increase in

response to viral and bacterial infections associated with strong dermatitis, which is induced

by the 6-week-long zinc-deficient diet.

Zinc deficiency also significantly lowered the percentages of cytotoxic T lymphocytes

(CD3+CD8- cells) (Fig. 6b), which are required to exclude cells infected with viruses and

bacteria.” As mentioned above, local dermatitis was observed in rats on zinc-deficient diet

(Fig. 10), indicating that the reduction in cytotoxic T lymphocytes may also contribute to

aggravation of inflammatory response.® In contrast, the percentages of helper T

Iymphocytes (CD3+ CD4- cells) (Fig. 6b) in the spleen was not affected, suggesting that zinc

deficiency reduces the number of Th2 lymphocyte-related factors (IL-4-, IL-13-, and

GATA-3-positive cells) without affecting the total number of helper T lymphocytes.

Zinc deficiency reduced the level of GATA-3, a master transcription factor involved in Th2

lymphocyte differentiation and function, in whole spleen, as well as in isolated splenic

CD4-+ cells unstimulated or stimulated with concanavalin A. Muzzioli et al. (2007) show that

zinc supplementation of natural killer cells increases the expression of zinc finger



transcription factor GATA-3.%In addition, the loss of GATA-3 may possibly be directly

attributed to zinc deficiency, as the protein contains a C-terminal zinc finger domain.

Indeed, Sun et al. (2014), demonstrated that zinc deficiency inhibited the function of poly

(ADP-ribose) polymerase-1, a zinc finger protein.? Therefore, the zinc finger structure of

GATA-3 may possibly be lost due to zinc deficiency, which affects differentiation to Th2

lymphocytes and subsequently decreases IL-4 and IL-13 expression. Alternatively, zinc

deficiency led to low activity of GATA-3, resulting in an early decrease in IL.-4 expression,

consequently causing low IL-4 signaling2o and inhibiting the induction of Th2

differentiation.

Based on these results, we propose that zinc deficiency destabilizes GATA-3, a master

transcription factor, and zinc finger protein. Consequently, naive CD4 cells do not

differentiate into Th2 lymphocytes or produce IL.-4 and IL.-13, which in turn inhibit

immature macrophages from differentiating into M2 macrophages. As M2 macrophages are

anti-inflammatory in function, the inflammatory response to ROS or infection may persist

(Supplemental Fig. 3).

In additional experiments, we investigated whether the effects of zinc deficiency could be

inhibited by IL-4 administration or recovered by zinc supplementation.

Rats injected with IL-4 while on the zinc-deficient diet did not show a reversal of the lack



of weight gain. However, the relative spleen weight was comparable between rats that were

on a standard diet and those that were returned to standard diet after a zinc-deficient diet as

well as those that were administered with IL-4. This is possibly because IL.-4 administration

inhibited the inflammatory response-induced spleen swelling. Similar to the observations

made in rats on only zinc-deficient diet, injection of IL.-4 while on the zinc-deficient diet

also altered the balance between the concentrations of Zn and Cu, as well as their ratio in

the blood, thus suppressing total SOD, and Cu/Zn-SOD activities. Reductions in the

activities of these antioxidant enzymes ultimately resulted in ROS accumulation, as

indicated by the increase in MDA level (Table 4). In rats injected with IL.-4 while on zinc-

deficient diet, the IL-4 mRNA level and the number of M2 macrophages and IL-4- or IL-

13- positive cells increased to levels higher than those in rats on standard diet (Figs. 7 and

8)(Supplemental Fig. 2), although these values decreased significantly in rats on only zinc-

deficient diet (Figs. 7 and 8)(Supplemental Fig. 2). This is probably due to the stabilizing

autocrine effect of IL-4 injections (thrice a week) on the resident Th2 lymphocyte

population.>>* Importantly, IL-4 injections also induced the M2 macrophages, thereby

decreasing the mRNA levels of inflammatory cytokines (IL-1fB) and chemokines (MIP-1a)

to levels lower than those in rats only on the zinc-deficient diet (Fig. 7). Furthermore,

compared to rats on zinc-deficient diet alone, IL-4 injections increased the percentages of



cytotoxic T lymphocytes (CD3+ CDS8- cells) in the spleen (Fig. 9). It is possible that 1L-4

inhibits local inflammation and dermatitis (Supplemental Fig. 4) caused by zinc deficiency,

and thereby prevents cytotoxic T lymphocytes from migrating out of the spleen, which

usually occurs following viral or bacterial infection associated inflammation.** Thus, 1L-4

injections inhibited inflammation induced by zinc deficiency without affecting the cytotoxic

T lymphocytes in the spleen. Alternatively, zinc deficiency has been reported to cause

thymus atrophy,* and IL-4 injections may inhibit thymus atrophy. Therefore, this finding

calls for the need to investigate the detailed relationship between cytotoxic lymphocytes and

thymus atrophy.

In addition, immunohistochemistry for GATA-3 positive cells (Fig. 8) and western blotting

for GATA-3 expression in whole spleen (Fig. 9c: right image) showed a similar number of

GATA-3 positive cells and protein level. Reports show that GATA-3 is expressed in

lipocytes, endothelial cells, and the nervous system.” Therefore, these results can be

explained by the stabilizing effect of the IL-4 injections on the entire resident Th2

lymphocyte population of the spleen® and the detection of adipocytes or endothelial cells.

However, we isolated the unstimulated CD4- cells using high-quality immunomagnetic

separation for determining the GATA-3 levels (Fig. 9c: central image); the separated cells

were helper T lymphocytes that showed low GATA-3 expression. This may be because



serum Zn concentration remained low owing to the lack of dietary zinc, and IL-4 injections

alone did not stabilize GATA-3, which requires zinc for its expression. In contrast, GATA-

3 expression in the concanavalin A-stimulated CD4" cells was slightly increased. Possibly,

GATA-3 was slightly stabilized and its expression was induced when concanavalin A was

added to the IL.-4 administration group and incubated for 24 hours. However, this

observation warrants detailed investigation in the future.

Based on the above discussion, we propose that the reduction in GATA-3 level during zinc

deficiency is possibly because of structural changes in the protein that render it unstable,

which subsequently reduces IL-4 expression. However, after IL.-4 administration, Th2

lymphocytes or other IL-4-responding cells are stabilized at an early stage and may inhibit

the decrease in IL-4 expression in the whole spleen via autocrine effects of IL-4. Taken

together, these observations suggest that IL.-4 reduces inflammation in zinc-deficient rats

not via GATA-3 or any antioxidant enzyme, but via anti-inflammatory M2 macrophages.

Rats returned to standard diet following a zinc-deficient diet started gaining weight,

suggesting that the former rescues DNA/RNA synthesis and cell division.” In addition, rats

recovered their Zn and Cu balance in the blood, and thus had higher antioxidant enzyme

activity and lower levels of ROS (Table 4). IL-4 mRNA level, the number of M2

macrophages, IL-4- and IL-13- positive cells, cytotoxic T lymphocytes (CD3+ CD8: cells),



and helper T lymphocytes (CD3+ CD4- cells) (Figs. 7-9)(Supplemental Fig. 2), and GATA-3

expression in the whole spleen and isolated CD4- cells (unstimulated or stimulated with

concanavalin A) were comparable to or higher than those in rats on standard diet. In

addition, inflammatory cytokine (IL-1B) and chemokine levels (MIP-1a)) decreased upon

return to a standard diet (Fig. 7). Collectively, these results suggest that dietary zinc intake

for 4 weeks effectively increased serum zinc level, and resolved dermatitis, depilation (Fig.

10), and inflammation. Zinc intake also stabilized GATA-3 and thereby increased the

number of Th2 lymphocytes, IL.-4 production, and the number of anti-inflammatory M2

macrophages.

In conclusion, the results of this study suggest that zinc deficiency leads to immune

dysfunction and aggravates inflammation. It may be due at least in part to the loss of the

zinc finger transcription factor GATA-3, which inhibits the formation of Th2 lymphocytes.

This decreases the production of the cytokine IL.-4, which is required by immature

macrophages to differentiate into M2 macrophages. The consequent loss of M2

macrophages inhibits anti-inflammatory reactions and aggravates inflammatory reactions.

Importantly, inflammation induced by zinc deficiency can be inhibited by IL-4

administration or recovered by zinc supplementation.
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Figure legends

Figure 1. Experimental design.

Figure 2. Relative mRNA expression of cytokines and chemokines in splenic macrophages

and T lymphocytes from rats on standard or zinc-deficient diet. qRT-PCR was used to

determine macrophage mRNA levels of TNF-a, IL-1p, IL-6, MCP-1, and MIP-1a, and T

Ilymphocyte mRNA levels of IFN-y, IL-4, and IL-13. mRNA expression was normalized to

that of the housekeeping 18S rRNA gene in each sample.

Data represent the mean + standard error (n = 7 per group). P = 0.037 for IL-1B, P = 0.245

for IL-6, P = 0.846 for TNF-a, P = 0.005 for MIP-1a, P = 0.093 for MCP-1, P = 0.010 for



IL-4, P =0.015 for IL-13, and P = 0.716 for IFN-y vs. Standard using the Mann-Whitney U

test. *P < (0.05. qRT-PCR: quantitative reverse transcription polymerase chain reaction,

TNF-a: tumor necrosis factor-a, IL: interleukin, MCP-1: monocyte chemotactic protein-1,

MIP-1a: macrophage inflammatory protein -1a, IFN-y: interferon-y.

Figure 3. Representative photomicrographs of spleen sections obtained from rats on

standard or zinc-deficient diet. Sections were stained with hematoxylin and eosin.

Magnification, 100x.

Figure 4. Immunohistochemistry for immature, M1, and M2 macrophages in spleens of rats

on standard or zinc-deficient diet. (a) Representative photomicrographs. Brown spots

indicate immunohistochemical staining for CD68 (a marker of immature macrophages),

CD163 (a marker of M2 macrophages), and CD169 (a marker of M1 macrophages).

Magnification, 400x. (b) Number of positive cells per field. Data represent the mean +

standard error (n = 5 per group). *P < (.05 vs. standard using the Mann-Whitney U test.

Figure 5. Immunohistochemistry for IL-4, IL.-13, and IFN-y in spleens of rats on standard or

zinc-deficient diet. (a) Representative photomicrographs. Brown spots indicate



immunohistochemical staining for IFN-y (a marker of Th1 cytokine), or IL-4 and IL-13

(markers of Th2 cytokines). Magnification, 400x. (b) Number of positive cells per field.

Data represent the mean + standard error (n = 5 per group). *P < 0.05 vs. standard using the

Mann-Whitney U test. IL: interleukin, IFN-y: interferon-y.

Figure 6. Populations of CD3+, CD4+, and CD8-+ cells, and relative GATA-3 expression in

spleens of rats on a standard or zinc-deficient diet. (a) Flow cytometry of cells stained with

FITC-CD3, APC-CD4, and PE-CD8a antibodies, and gated on SSC/FSC. (b) Percentages of

CD3+CD8+and CD3+CD4- cells. Data represent mean =+ standard error (n = 4 per group). *P

< 0.05 vs. standard using Mann-Whitney U test. (c) Western blotting showing the

expression of the transcription factor GATA-3 in whole spleen (60 pg/lane), unstimulated

CD4-cells (30 pg/lane), and CD4-+ cells stimulated with concanavalin A (28 pg/lane). CD4+

cells were isolated immunomagnetically, GATA-3 level was quantified by densitometry and

normalized to B-actin level (n = 3 per group). *P < 0.05 vs. standard using the Mann-

Whitney U test. SSC/FSC: side scatter/forward scatter, GATA-3: GATA-binding protein 3.

Figure 7. Relative mRNA expression of cytokines and chemokines in splenic macrophages

and T lymphocytes in rats on a standard diet or zinc-deficient diet and injected with either



saline (zinc-deficient) or IL-4 (zinc-deficient/IL-4 i.p.), or subsequently switched to a

standard diet (zinc-deficient/standard). qRT-PCR was used to determine macrophage

mRNA levels of IL-1B and MIP-1a, and T lymphocyte mRNA levels of IFN-y and IL-4.

mRNA expression was normalized to that of the housekeeping 18S rRNA gene in each

sample. Data represent the mean + standard error (n = 7 per group). P = 0.026 for IL-1p, P

=0.036 for MIP-1a, P =0.027 for IL-4, and P = 0.937 for IFN-y. *P < 0.05 vs. standard; #P

< 0.05 vs. zinc-deficient/IL-4 i.p.; +P < 0.05 vs. zinc-deficient/standard using ANOVA,

followed by the Student-Newman-Keuls test. i.p.: intraperitoneal, gqRT-PCR: quantitative

reverse transcription-polymerase chain reaction, IL: interleukin, MIP-1a: macrophage

inflammatory protein -1a, IFN-y: interferon-y, ANOVA: analysis of variance.

Figure 8. Immunohistochemistry for M2 macrophages, IL.-4, GATA-3, IFN-y, and T-bet in

spleens of rats on a standard diet and zinc-deficient diet and injected with either saline

(zinc-deficient) or IL-4 (zinc-deficient/IL-4 i.p.), or subsequently switched to a standard

diet (zinc-deficient/standard). (a) Representative photomicrographs. Brown spots indicate

immunohistochemical staining for CD163 (a marker of M2 macrophages), IFN-y or T-bet (a

marker of Th1 lymphocyte-related factors), and IL.-4 or GATA-3 (a marker of Th2

Iymphocyte-related factors). Magnification, 400x. (b) Number of positive cells per field.



Data represent the mean + standard error (n = 5 per group). *P < 0.05 vs. standard; #P <

0.05 vs. zinc-deficient/IL-4 i.p.; +P < 0.05 vs. zinc-deficient/standard by ANOVA, followed

by the Student-Newman-Keuls test. i.p.: intraperitoneal, IL: interleukin, IFN-y: interferon-y,

ANOVA: analysis of variance.

Figure 9. Populations of CD3+, CD4+, and CD8- cells, and relative GATA-3 expression in

spleens of rats on a standard diet and zinc-deficient diet and injected with either saline

(zinc-deficient) or IL-4 (zinc-deficient/IL-4 i.p.), or subsequently switched to a standard

diet (zinc-deficient/standard). (a) Flow cytometry of cells stained with FITC-CD3, APC-

CD4, and PE-CD8a antibodies, and gated on SSC/FSC. (b) Percentages of CD3+CDS8-, and

CD3+CD4- cells. Data represent the mean + standard error (n = 4 per group). (c) Western

blot analysis showing the expression of the transcription factor GATA-3 in the whole spleen

(50 pg/lane), unstimulated CD4- cells (28 pg/lane), and CD4+cells stimulated with

concanavalin A (28 pg/lane). CD4+ cells were isolated immunomagnetically, and the

GATA-3 level was quantified by densitometry and normalized to B-actin level (n = 4 per

group). *P < 0.05 vs. standard; #P < 0.05 vs. zinc-deficient/IL-4 i.p.; +P < 0.05 vs. zinc-

deficient/standard by ANOVA, followed by the Student-Newman-Keuls test. i.p.:

intraperitoneal, IL: interleukin SSC/FSC: side scatter/forward scatter, GATA-3: GATA-



binding protein 3, ANOVA: analysis of variance.

Figure 10. Recovery from dermatitis and depilation in rats returned to standard diet following

consumption of the zinc-deficient diet. Dermatitis and depilation were evident at 6 weeks.

Dermatitis was resolved at 7 weeks, whereas depilation was resolved at 8, 9, and 10 weeks.

Table 1 Antibodies and immune cell markers for rats

a: BMA Biomedicals Ltd., Augst, Switzerland,

b: BioLegend, San Diego, CA, USA,

c: AbD, Hercules, CA, USA, d: Abcam, Tokyo Japan, e: Bioss, Woburn, MA, USA,

f: Santa Cruz Biotechnology, Inc, Dallas, TX, USA

Immune Immature M1 M2 T helper Cytotoxic T helper 1 T helper 2
cells macrophage macrophage macrophage lymphocyte lymphocyte rg;lgg?;ztt;—s ri:}ll;?gc}ll?gc}:/ttoer_s
Markers CD68 (ED1) CD169 (ED3) CD163(ED2) FITC-CD3 FITC-CD3 INF-y IL-4/-13
APC-CD4 PE-CD8 T-bet GATA-3
Used Immuno Immuno Immuno FACS FACS Immuno Immuno
methods histochemistry histochemistry histochemistry analysis analysis histochemistry histochemistry
a a a b b c, f d,e, f




Table 2 Sequences and annealing temperatures of primers used in this study

Primers Base sequence Annealing temperatures (°C)
18S rRNA sense: 5'-CCTGGAAAGGGCTCAACAC-3’ \
anti-sense: 5-GCTCTAGAATTACCACAGTTATCCAA-3’ *
IL-1B sense: 5'-ACAAGTGRTATTCTCCATGAGC-3' (R is a mixture of A and G) osp
anti-sense: 5'-CCACTTTGSTCTTGACTTCTAT-3' (S is a mixture of C and G)
IL-4 sense: 5'-ACCAGACGTCCTTACGGC-3' \
anti-sense: 5'-GCGTGGACTCATTCACGG-3’ *
IL-6 sense: 5'-GTTGCCTTCTTGGGACTGATGT-3' .
anti-sense: 5'-GGTCTGTTGTGGGTGGTATCCT-3' o
IL-13 sense: 5'-GCTGTTGCACAGGGAAGTCT-3’ .
anti-sense: 5'-GCTGTTGCACAGGGAAGTCT-3’ *
TNFa. sense:5-CTTATCTACTCCCAGGTTCTCTTCAA-3' .
anti-sense: 5-GAGACTCCTCCCAGGTACATGG-3’ >
MCP-1 sense: 5'-CGTGCTGTCTCAGCCAGAT-3' .
anti-sense: 5'-GGATCATCTTGCCAGTGAATG-3' *
MIP-1a sense: 5'-GCGCTCTGGAACGAAGTCT-3' .
anti-sense: 5'-GAATTTGCCGTCCATAGGAG-3’ *
INF-y sense: 5'-AGGACGGTAACACGAAA-3’ -

anti-sense: 5'-CTGTGGGTTGTTCACCTC-3'

a: Roche universal probe library, b: Tsunoda et al., 2006, c: Kido et al., 2014




Table 3 Body weight, relative spleen weight, and serum indices in rats on standard or zinc-

deficient diets

Standard Zinc-deficient P-value

Body weight (g) 338.9£8.36 232.0+3.85 ok 0.0001
Spleen weight (g) 0.578 £0.02 0.528 +0.06 0.4347
Relative spleen weight (mg/g body 1.683 £ 0.05 2.323+£0.24 wkx 0.0015
weight)

Serum Zn (pg/dL) 150.5 £3.59 39.13+11.9 ok 0.0001
Serum Cu (pg/dL) 126.3 £9.28 170.2+15.9 * 0.0375
Cu/Zn ratio 0.756 = 0.08 5.116 £ 0.94 ** 0.0036
MDA assay (umol/L) 28.39 +3.53 46.52 +4.19 ** 0.0051
Serum Total SOD (U/mL) 203.3 £4.58 183.2+6.15 * 0.0256
Serum Mn-SOD (U/mL) 95.60 £2.70 93.27 £7.30 0.7713
Serum Cu/Zn-SOD (U/mL) 107.7 £3.17 89.95 £2.08 ok 0.0009

»¢ Mean values and standard errors are indicated (n = 5 per group). The mean values were

compared to the standard and zinc-deficient groups, respectively, using the Mann-Whitney

U test. After dietary manipulation, the spleen was harvested from rats. Relative spleen

weight was calculated using the following formula: Relative spleen weight (mg/g) = spleen

weight/body weight. Serum was collected from rats after dietary manipulation. Cu/Zn-SOD

was calculated using the following formula: Cu/Zn-SOD activity = Total SOD activity —

Mn-SOD activity. Zn: zinc, Cu: Copper, MDA: malondialdehyde, SOD: superoxide

dismutase.



Table 4 Body weight, relative spleen weight, and serum indices in rats on a standard diet

and zinc-deficient diet and injected with either saline (zinc-deficient) or IL-4 (zinc-

deficient/IL-4 i.p.), or subsequently switched to a standard diet (zinc-deficient/standard)

Standard Zinc-deficient Zinc-deficient/IL-4 i.p. Zinc-deficient/Standard P-value

Body weight (g) 358.1+9.12 221.7+3.71%** ++ 223.6 £ 2.98* * * +++ 312.3+5.43*** 0.0001
Spleen weight (g) 0.590 + 0.09 0.497 +0.03 0.395 + 0.02% * # $++ 0.531 +0.03 0.0005
Relative spleen weight

1.649 + 0.07 2.189 £ 0.14% * *#++ 1.804 + 0.08 1.703 £ 0.10 0.003
(mg/g body weight)
Serum Zn (ug/dL) 109.0 + 3.59 34.22 £ 5.46%** + 28.40 + 3.28* ** ++ 104.5 + 2.78 0.0001
Serum Cu (pg/dL) 139.7 £ 5.89 277.9 +£52.4" + 194.8 £21.8 125.7+12.3 0.006
Cu/Zn ratio 1.288 + 0.07 8.008 £ 0.39* * * +++ 6.984 + 0.58* * * +++ 1.206 +0.12 0.0001
MDA assay (umol/L) 23.87 = 0.59 29.70 £2.01"* + 29.29 +0.80" + 24.33 + 0.55 0.0012
Serum total SOD (U/mL) 200.3 + 7.00 163.7 +£5.32% ** +++ 151.9 £ 8.71%** +++ 206.1 +5.15 0.0001
Serum Mn-SOD (U/mL) 99.04 + 3.71 93.25 £ 5.55 88.57 + 4.32 98.49 £ 5.90 0.4226
Serum Cw/Zn-SOD (U/mL) 101.2 + 5.47 70.50 £ 7.96* + 63.32+10.15" +* 107.6 £ 5.70 0.0013

$¢Mean values and standard errors are indicated (n = 5 per group). The mean values were

compared to the standard, zinc-deficient, zinc-deficient/IL-4 i.p., and zinc-

deficient/standard groups. *P < 0.05 vs. standard; §P < 0.05 vs. zinc-deficient; *P < 0.05

vs. zinc-deficient/IL-4 i.p.; P < 0.05 vs. zinc-deficient/standard by ANOV A using the

Student-Newman-Keuls test, respectively. After dietary manipulation, the spleen was

harvested from rats. Relative spleen weight was calculated using the following formula:

Relative spleen weight (mg/g) = spleen weight/body weight. After dietary manipulation,

serum was collected from rats. Cu/Zn-SOD was calculated using the following formula:

Cu/Zn-SOD activity = Total SOD activity — Mn-SOD activity. i.p.: intraperitoneal, IL:

interleukin, Zn: zinc, Cu: Copper, MDA: malondialdehyde, SOD: superoxide dismutase.
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