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Abstract

Objective: Obesity, particularly child obesity, is one of the most common public health problems
in the world and raises the risk of end-stage renal disease. Zinc (Zn) is essential for multiple
organs in terms of normal structure and function; however, effects of Zn deficiency or
supplementation among young individuals with obesity have not been well studied.

Methods: Weaned mice were fed high-fat diets (HFD) with varied contents of Zn (Zn deficient,
adequate, and supplemented) for 3 or 6 months. This study examined associations between renal
pathogenesis and dietary Zn levels, specifically assessing inflammatory pathways by utilizing P38
MAPK inhibitor SB203580.

Results: HFD feeding induced typical syndromes of obesity-related renal disorders, which
worsened by Zn marginal deficiency. The progression of obesity-related renal disorders was
delayed by Zn supplementation. HFD induced renal inflammation, reflected by increased P38
MAPK phosphorylation along with increases of inflammatory cytokines MCP-1, IL-18, I1L-6, and
TNF-a. P38 MAPK inhibition prevented renal pathological changes in mice fed with HFD and
HFD/Zn deficiency.
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Conclusions: P38 MAPK mediated the renal inflammatory responses, which played a central
role in the pathogenesis of HFD-induced renal disorders. Zn could delay the progression of
obesity-related kidney disease by down-regulating P38 MAPK-mediated inflammation.

Introduction

Since the 1980s, the world’s population with obesity has doubled to 13%, affecting more
than 600 million adults and 42 million children under age 5 years in 2014 according to the
World Health Organization. In the USA, more than 33% of adults and about 17% of youth
have obesity; the prevalence has been stable over the past few years (1). Obesity is
associated with glucose intolerance and insulin resistance, dyslipidemia, increased
inflammation, and oxidative stress. Obesity is also an important factor contributing to
hypertension, cardiovascular disease, type 2 diabetes, stroke, and cancer; thus, obesity is an
underlying cause of numerous potentially preventable deaths. Early prevention or treatment
is needed to delay the development of these diseases; however, effective strategies for
addressing childhood obesity have yet to be proven.

Recent results of long-term follow-up studies have suggested that increased body mass index
accounts for a 20% increment in the incidence of renal disease (2). Severe obesity increases
renal blood flow, glomerular filtration rate, and albumin extraction rate. Pathological
changes of obesity-related glomerulopathy (ORG) include glomerular hypertrophy,
mesangial matrix accumulation, and secondary focal segmental glomerulosclerosis both in
humans and animals (3). The typical symptom of ORG is slowly progressive proteinuria,
from microalbuminuria to proteinuria and then loss of renal function, leading to end-stage
renal disease. The mechanisms of ORG are not fully understood.

The mitogen-activated protein kinases (MAPKS) are a family of serine/threonine kinases
mainly containing extracellular signal-regulated protein kinases, c-Jun N-terminal kinases,
and P38 MAPK. Previous studies have found that the activation of P38 MAPK can cause
increased cellular hypertrophy, apoptosis, and proliferation, along with increasing
inflammation in heart and liver (4-6). P38 MAPK also regulates mesangial cell proliferation
and matrix accumulation in the context of nephropathy under diabetic or nondiabetic
conditions (7-9). These findings indicate that P38 MAPK may play a key role in the
development and progression of ORG. Inactivating the P38 MAPK inflammatory pathway
may pose an effective approach to preventing the development of ORG among individuals
with obesity.

Zinc (Zn) is a trace element that functions as a cofactor for catalytic enzymes essential to
biological functions. Zn has been described in association with the structural and functional
integrity of more than 2000 transcription factors. Zn supplementation affords benefits both
in animal models and patients with obesity and/or diabetic conditions (10-12). We
demonstrated that Zn protects against diabetes-induced pathogenic effects in the heart, liver,
and kidney through increasing insulin sensitivity, and diminishing anti-oxidative stress (13—
15). Additional studies about the effects of Zn on ORG are needed.
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Zn deficiency is associated with diabetes, obesity, and aging (16—19). Zn deficiency also
actives P38 MAPK-mediated inflammation (20). We hypothesized that Zn deficiency may
accelerate the development and progression of ORG. We further hypothesized that Zn
supplementation or adequate Zn intake may prevent or mitigate ORG by suppressing the P38
MAPK pathway. To test these hypotheses, we used high-fat diet (HFD)-induced obesity and
ORG models with just-weaned young mice. To explore the role of Zn and P38 MAPK in the
development or progression of ORG, we provided mice with normal diet (ND) and HFD
containing three levels of Zn: deficient, adequate, and supplemented. We also implemented a
treatment study arm with P38 MAPK inhibitor.

Four weeks (in the first study) and 28 weeks (in the second study) old C57BL/6J male mice
were purchased from the Jackson Laboratory (Bar Harbor, Maine). Mice were kept in the
University of Louisville Research Resources Center with 12 h light to dark cycles at 22°C
and provided with free access to food and water. All experimental procedures for animal
usage were in accordance with the NIH Guide of the Care and Use of Laboratory Animals
and approved by the Institutional Animal Care and Use Committee of the University of
Louisville.

Obesity and Zn treatment models

In the first study, mice were fed with HFD (60% kcal from fat) and age-matched control
mice were fed with ND (10% kcal from fat). Diets contained varying levels of Zn: 10 mg
(mildly deficient, labeled as L), 30 mg (adequate, labeled as N) and 90 mg (supplement,
labeled as H) Zn per 4057 kcal (D14020202, D14020201, D140203 for ND and D14020205,
D14020204, D140206 for HFD, Research Diet, New Brunswick, NJ). Both ND- and HFD-
feeding mice were, respectively, divided into 3 Zn status groups randomly, forming 6
subgroups, that is, ND/N.Zn, ND/L.Zn, ND/H.Zn, HFD/N.Zn, HFD/L.Zn, and HFD/H.Zn (n
=10 in each subgroup). Half of each subgroup (n7=5) were fed for 3 months and sacrificed,
labeled as 3 M. The rest of the mice (7= 5) continued to be fed the same food for an
additional 3 months (labeled as 6 M) and sacrificed after anesthetized by avertin
intraperitoneal injection (300 mg/kg bodyweight).

P38 inhibited models

To define the role of P38 MAPK in the development of ORG, mice were randomly divided
into five groups (/7= 5): one group was fed with ND/N.Zn; two groups were given HFD/
N.Zn; and the rest were given HFD/L.Zn. Both HFD feeding groups were further randomly
divided into those with or without P38 MAPK inhibitor SB203580 (No. 1076, Selleck
Chemicals, Houston, TX), labeled as HFD/N.Zn, HFD/N.Zn/SB, HFD/L.Zn, and HFD/
L.Zn/SB, respectively. SB203580 was dissolved in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO) and diluted in phosphate-buffered saline (Corning Cellgro,
Manassas, VA) as working solution. Mice received SB203580 intraperitoneal injection at 1
mg/kg body weight or the same volume of vehicle every other day for 3 months,
respectively. After 3 months of treatment, all mice were sacrificed.
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Tissue Zn concentration assay
Each liver sample (100 mg wet-weight) was digested with 0.5 ml concentrated nitric acid
overnight. After digestion, 1.5 ml deionized water (18.2 Q) was added to each sample and
the sample was placed into boiling water for 1 h. All digested samples were then filtered
using a PTFE 0.2 um filter. Liver Zn concentration was measured with Atomic Absorption
Spectroscopy (AAS, an iCE-3000 AAS instrument from Thermo Scientific, Waltham, MA).
Zn concentration was calculated based on a standard curve and shown as g/mg wet tissue.

Renal function measurement

Mice spot urine samples were collected to measure and calculate the urinary albumin-to-
creatinine ratio (UACR) as described before (21). Urinary albumin (E90-134, Bethyl
Laboratories, Montgomery, TX) and creatinine (DICT-500, Bioassay Systems, Hayward,
CA) assay kits were performed according to the manufacturers’ instructions. All tests were
repeated three times.

Histology, immunohistochemistry, and immunofluorescence staining

Kidney cryo-sections were used for Oil-Red-O staining and paraffin sections for periodic
acid-Schiff (PAS) staining, immunohistochemistry (IHC) staining, and immunofluorescence
(IF) staining following published papers and as listed in Supporting Information (21,22).

RNA isolation and real-time polymerase chain reaction

Real-time polymerase chain reaction (RT-PCR) was performed following our published
methods (21) and details were provided in Supporting Information.

Western blot assay

The Western blot was performed following our published articles (21) and details were
presented in Supporting Information.

Cell cultures

HK-I1 cells were treated with palmitic acid (PA) to mimic the condition /n vivo following
our published work (15) with details provided in Supporting Information.

Statistical analysis

Data were presented as mean + standard deviation (S.D.). Statistical significance was
considered as £ < 0.05. Details were described in Supporting Information following
previously published work (21).

Results

Zn delayed obesity-induced renal hypertrophy and disorders

HFD feeding induced significant time-dependent increments in body weight, blood glucose,
plasma triglyceride and insulin levels (not shown). Representing the tissue Zn level, hepatic
Zn was significantly increased in ND/H.Zn and HFD/H.Zn-fed mice and slightly decreased
in ND/L.Zn and HFD/L.Zn mice (Figure 1A).
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Based on UACR (Figure 1B), renal function was significantly decreased in HFD/N.Zn and
HFD/L.Zn groups at both the 3 and 6 M time points Zn supplementation prevented HFD-

induced renal disorders completely at the 3 M time point but only slightly at the 6 M time

point (Figure 1B).

The ratio of kidney weight to tibia length was significantly increased in HFD/N.Zn and
HFD/L.Zn groups at both the 3 and 6 M time points (Figure 1C). Zn supplementation
prevented the rise of this ratio at 3 M, but not at 6 M.

Kidney triglyceride content (Figure 1D) and lipid accumulation, shown by Oil-Red-O
staining (Figure 1E), was increased in all HFD groups at the 6 M time point Zn deficiency
significantly worsened and Zn supplement slightly (no statistical difference) improved HFD-
increased lipid effects. These results suggest that Zn deficiency accelerated obesity-induced
renal lipid accumulation, hypertrophy, and disorders while Zn supplementation delayed the
pathological progression without significantly influencing renal lipid metabolism.

Zn delayed obesity-induced glomerular area expansion, mesangial matrix accumulation,
and tubular damage

The general morphologic changes of kidney were examined by PAS staining (Figure 2A)
followed by semiquantitative analysis (Figure 2B). At the 3 M time point, the PAS positive
staining areas were significantly increased in the HFD/N.Zn group and further increased in
the HFD/L.Zn group. These effects could be almost completely prevented by Zn
supplementation. At the 6 M time point, PAS materials were significantly increased in both
HFD/N.Zn and HFD/H.Zn groups and further increased in the HFD/L.Zn group, indicating a
time-dependent increment. The glomerular area in each group was not significantly different
from each other at the 3 M time point. At 6 M, the glomerular area was increased similarly
in HFD/N.Zn and HFD/H.Zn groups and further increased in HFD/L.Zn (Figure 2C).
Tubular areas were examined (Figure 2D) by analysis of tubular cell vacuolization. Similar
with glomeruli, HFD damaged renal tubules. Zn deficiency worsened and Zn
supplementation delayed the pathology progression, respectively.

The results demonstrate that Zn deficiency contributed to kidney injury. Zn supplementation
prevented HFD-induced glomerular and tubular damage at 3 M, but not at 6 M.

Zn delayed obesity-induced glomerular cell proliferation and kidney inflammatory cytokine
accumulation

Glomerular cell proliferation was examined by IHC of PCNA staining (Figure 3A), followed
by semiquantitative analysis of incidence of glomerular PCNA positive cells (Figure 3B and
3C). At the 3 M time point the PCNA positive staining cells were significantly increased in
the HFD group and further increased in the HFD/L.Zn group. Similar to the PAS staining,
these increments could be completely blocked by Zn supplementation. At the 6 M time point
the number of PCNA positive cells was significantly increased in both HFD and HFD/H.Zn
groups and further increased in the HFD/L.Zn group with expanded glomerular area.

As no obviously positive fluorescent staining was seen in the glomerular area, IF staining for
IL-6 in the tubular area and semiquantitative analysis of the positive staining area were
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examined. Similar to IHC staining of PCNA, the HFD group showed a time-dependent
increment of 1L-6 fluorescent positive area that worsened with Zn deficiency. HFD with Zn
supplementation demonstrated protective function at 3 M but the protective effect did not
persist until the 6 M time point.

The results indicated that Zn deficiency could contribute to glomerular cell proliferation and
kidney inflammation. Zn supplementation prevented glomerular cell proliferation and
inflammation at 3 M but not at 6 M.

Zn delayed kidney inflammation and activation of P38 MAPK induced by obesity

Expression of MCP-1, IL-15, IL-6, and TNF-a at the mRNA level was evaluated by
examining RT-PCR (Figure 3A-3D). All the inflammatory cytokines” mRNA expression
levels were progressively increased in the HFD group and exacerbated in the HFD/L.Zn
group. The increased mRNA levels could be prevented at 3 M and alleviated at 6 M by Zn
supplementation in the HFD/H-Zn group.

To further investigate renal inflammation induced by HFD, renal TNF-a protein levels were
examined by Western blot (Figure 3E). Obesity significantly increased the protein
expressions of TNF-a at 3 M in both the HFD group and the HFD/L.Zn group; obesity did
not increase TNF-a in the HFD/H.Zn group at 3 M. At the 6 M time point, the TNF-a
protein level was increased similarly in HFD and HFD/H.Zn groups but further increased in
the HFD/L.Zn group, which indicated that Zn supplementation had waning anti-
inflammation function.

The P38 MAPK pathway is crucial for inflammatory cytokine production and has been
identified as having a pathogenic role in the progression of cell proliferation under
environmental stress (9,23). Given increased renal inflammatory response and glomerular
cell proliferation under HFD feeding, especially in the renal tubular area, we examined
phosphorylated P38 (p-P38) MAPK levels using IHC and Western blot at 3 and 6 M time
points (Figure 4F and 4G). The P38 MAPK phosphorylation levels increased progressively
in the HFD group and this progression was more rapid in the HFD/L.Zn group. P38 MAPK
phosphorylation was significantly delayed in the HFD/H.Zn group.

The results indicated that Zn deficiency could exacerbate HFD-induced renal inflammation
and the activation of P38 MAPK. Zn supplementation delayed renal inflammation from 3 to
6 M by affecting the P38 MAPK pathway.

Inhibition of P38 MAPK prevented renal disorders and hypertrophy induced by obesity
with and without Zn deficiency

Data from the above studies revealed that Zn deficiency exacerbated and Zn
supplementation ameliorated obesity-induced renal inflammation, hypertrophy, and
disorders. These associations between Zn and renal damage were associated with activation
of the P38 MAPK pathway at both 3 and 6 M time points. To investigate whether the
mechanism for Zn-mediated renal protection from the obesity-induced renal pathological
changes occurs through down-regulation of P38 MAPK, we performed a separate animal
study using P38 MAPK specific inhibitor SB203580 to inhibit the P38 MAPK pathway.
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UACR, as an index of renal dysfunction shown in Figure 1B, was increased and exacerbated
among the HFD and HFD/L.Zn groups. Treatment with SB203580 completely prevented
HFD-induced, and HFD/L.Zn-worsened, renal disorders (Figure 5A). The ratio of kidney
weight to tibia length was significantly increased in HFD mice and further increased in
HFD/L.Zn mice, and it was slightly prevented by SB203580 treatment (Figure 5B).

To further define kidney morphology changes, we conducted PAS staining, IHC staining for
PCNA, and IF staining for IL-6 (Figure 5C), followed by semiquantitative analysis (Figure
5D). These assays revealed mesangial matrix accumulation, glomerular cell proliferation,
tubular damage, and increased inflammation among HFD mice. These deleterious changes
were further increased in the HFD/L.Zn group. Inhibition of P38 MAPK completely
prevented these renal changes. These results suggest that P38 MAPK inhibition prevented
HFD induced, and HFD/L.Zn worsened, renal disorders and hypertrophy.

SB203580 blocked the activation of the P38 MAPK pathway and prevented obesity-induced
inflammation

To clarify whether SB203580 treatment could efficiently inhibit P38 MAPK activation, we
conducted p-P38 MAPK IHC and Western blot assays of p-P38 and total P38 MAPK. These
assays showed increased p-P38 MAPK level in the HFD group in the renal tubular area and
even greater increased phosphorylation in the HFD/L.Zn group. The increased
phosphorylation was almost completely abolished by SB203580 (Figure 6A), suggesting the
efficient inhibition of P38 activation by SB203580.

RT-PCR analysis of renal mMRNA expression of MCP-1, IL-1, IL-6, and TNF-a showed
increased levels of mMRNA expression in the HDF group, with highest levels in the HFD/
L.Zn group. Increased levels of mRNA expression were almost completely abolished by
inhibition of P38 MAPK (Figure 6B—6E). The protein level of TNF-a was consistent with
its MRNA profiles: significant increase in the HFD group and further increased in the HFD/
L.Zn group, which were completely prevented by inhibition of P38 MAPK (Figure 6F).

Zn and SB203580 blocked the P38 MAPK activation and inflammation in renal tubular
epithelial cells exposed to PA in vitro

As we observed the increased p-P38 MAPK and inflammation mainly located in the renal
tubular area, HK-I1 cells were treated with PA to define whether FA as one of HFD key
components could activate P38 MAPK and Zn or SB203580 treatment could inhibit P38
MAPK in renal intrinsic cells. A time-dependent increase of both p-P38 MAPK and TNF-a
levels were observed with values peaking at 24 h (Figure 7A). Then we used HK-1I cells
treated with PA for 24 h, adding TPEN (to chelate free Zn), ZnCl, or SB203580 respectively
to mimic the /n vivo Zn deficiency, Zn supplement and P38 MAPK inhibition conditions.
The expression of p-P38 MAPK and TNF-a was increased in the PA treating group and
further increased in the PA/TPEN group. The PA-increased p-P38 MAPK and TNF-a were
almost completely prevented by Zn or SB203580 treatment (Figure 7B), suggesting that Zn
and SB203580 could inhibit the activation of P38 MAPK and its downstream inflammatory
cytokines in renal tubular cells.
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Discussion

We provide the first evidence to show the preventive effect of Zn on ORG. Phosphorylation
of P38 MAPK, renal inflammation, and kidney damage were all significantly increased in
HFD mice. Zn deficiency exacerbated, and Zn supplementation significantly attenuated, P38
MAPK activation, inflammatory responses, and subsequent renal disorders. SB203580
blocked the P38 MAPK pathway and eliminated induced renal inflammation and damage in
both HFD mice with or without Zn deficiency. These results suggest the importance of Zn in
the prevention of HFD-induced P38 MAPK-mediated renal inflammation, and subsequent
renal hypertrophy and disorders, as illustrated in Figure 8.

Although usually accompanied with diabetes and hypertension, obesity itself can induce
chronic renal inflammation that initiates renal damage in both adults and children, reflecting
in clinical symptoms as progressive proteinuria and loss of renal function (24). Limited
clinic case reports showed that proteinuria was usually first detected and common in child
ORG patients with or without hematuria, hyperuricemia, hypertension, and dyslipidemia.
Renal biopsies of ORG patients have demonstrated glomeruli hypertrophy, proliferation of
mesangial cells, and mesangial matrix expansion with or without segmental sclerosis
(25,26); these histologic changes are similar with what we observed in the present study.
Meta-analysis has shown that obesity could be associated with the development of renal
dysfunction in childhood (27). Similar to adults, young people with obesity may be at high
risk for renal dysfunction, although very few studies have been published.

ORG is associated with up-regulation of inflammatory mediators (28). Obesity is a chronic
low-grade inflammatory condition, which eventually can lead to the development of
metabolic disorders and renal disease (29,30). Although the adipose tissue is considered as a
rich source of inflammatory cytokines (31), the renal intrinsic cell could develop
inflammation (32), which were similar to what we observed in the study /n vitro. Adipose
mass increasing and lipid accumulation mediate the up-regulation of pro-inflammatory
cytokines (TNF-a, IL-6, IL-18, and MCP-1) and cause kidney hypertrophy and dysfunction
(33,34). Increasing numbers of inflammatory pathways have been described, in which the
P38 MAPK pathway was found to have cross talk TNF-a pathways. P38 MAPK can be
activated under environmental stresses and contributes to the production of inflammatory
cytokines like TNF-a. Increased inflammatory cytokines reciprocally activate P38 MAPK
pathways (35,36). Various inhibitors of P38 MAPK were found to have the anti-
inflammation effects (5,37). We further confirmed these associations in this study, showing
that P38 MAPK plays a major role in the development of ORG.

Zn deficiency commonly exists in diabetes and obesity patients (16,38) and Zn
supplementation has beneficial effects on glucose and lipid control (12). In this study, HFD/
L.Zn groups showed a progressive worsening of renal function along with increasing levels
of inflammation and kidney damage. The effect of Zn supplementation on study mice kidney
tissue differed by time. At 3 M, Zn supplementation showed significant anti-inflammatory
protective function; however, there was no difference between HFD/H.Zn and HFD/N.Zn
groups at 6 M. As we mentioned, Zn supplementation may have certain roles in the positive
feedback crosstalk of P38 MAPK. Therefore, during the long period of exposure to HFD,
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several other undiscovered pathways may also involve in the development of ORG. How Zn
affects these unknown pathways remains in need of further exploration.

Although supplementation of nutrients with Zn is very common and typically safe, Zn
supplementation should be still considered in the context of its potential toxicity, particularly
when supplementation occurs over longer durations. It has been reported that excessive Zn
intake activated the renin-angiotensin system in rats, showing increased blood pressure and
decreased renal blood flow and glomerular filtration rate when the rats were given Zn at
doses of 50 mg/g (5-fold higher than our Zn supplementation) (39). In our study, the ND/
H.Zn group displayed no significant renal dysfunction, indicating that our dose is not
obviously toxic. However, under the HFD challenge, long-term Zn intake may cause the Zn
to accumulate and exceed the safe threshold value at long-term (e.g., 6 M) time points. A
limitation of the study is the extent to which inferences can be made on the animal model.
Although the C57BL strain is sensitive to obesity, it is relatively resistant to renal injury.
Studies have reported that C57BL mice develop mild kidney damage under HFD conditions
(40), just like ours. As no animal models mimic disease in human populations perfectly,
further studies about the HFD-induced ORG model are needed.

In conclusion, this is the first study to our knowledge that presents evidence regarding the
relationships between HFD-induced renal disorders and long-term Zn treatment on young
animal models. We confirm that Zn deficiency contributes to the pathological progression of
kidney disorders induced by obesity and reveal the partially protective effect of long-term Zn
supplementation on ORG. Study findings confirm the significant role of Zn in preventing
obesity-related kidney disorders in mice models of child obesity. Further studies are required
to identify the optimal Zn doses and timing of Zn supplementation. We interpret our
research as revealing a strong potential for Zn supplements in the prevention and/or
treatment of obesity-related kidney diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Zn delayed obesity-induced renal hypertrophy and dysfunction. Obesity was induced by

feeding HFD with different concentrations of Zn (10/30/90 mg Zn per 4057 kcal) for 3 and 6
M. (A) Liver Zn concentration was measured by atomic absorption spectroscopy as a
reference of animal tissue Zn level at 6 M. (B) Ratio of kidney weight to tibia length was
measured and calculated, respectively. (C) Renal function was evaluated by calculating the
UACR of spot urine samples at 3 and 6 M. (D) Kidney triglyceride concentration was
assayed both in 3 and 6 M. (E) Kidney lipid infiltration and accumulation were examined by
Oil-Red-O staining (200x, scale bar 200 xm) and semiquantitative analysis for lipid
accumulation (red area) per image was counted in 10 vision fields across the kidney. Data
are presented as the mean + S.D. (7225). *, P< 0.05 vs. corresponding ND/N.Zn; #, P< 0.05
vs. corresponding HFD/N.Zn.
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Figure 2.
Zn delayed obesity-induced glomerular area expansion, matrix accumulation, and tubular

damage. (A) Renal morphological change and mesangial matrix accumulation (pink) were
examined by PAS staining in kidney section (400x, scale bar 100 xm). (B) Semiquantitative
analysis for PAS positive staining area. (C) Glomerular area was evaluated by measuring the
area of 10 vision fields of glomeruli. (D) Morphology changes in tubular area of PAS
staining (400x, scale bar 100 xm). (E) Semiquantitative analysis of tubular cell vacuolization
levels. Data are presented as the mean + S.D. after normalizing to ND/N.Zn (n25). *, P<
0.05 vs. corresponding ND/N.Zn; #, £< 0.05 vs. corresponding HFD/N.Zn.
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Zn delayed obesity-induced glomerular cell proliferation and tubular 1L-6 cytokine
accumulation. (A) Glomerular PCNA expression was examined by PCNA IHC staining
(400x, scale bar 100 4m). (B) Semiquantitative analysis for the relative density of
glomerular PCNA positive cells of 3 and 6 M. (C) IF of IL-6 in tubular area (200x, scale bar
100 wm). (D) This was followed by semiquantitative analysis of the positive IF staining of 3

Figure 3.

and 6 M. Data are presented as the mean + S.D. after normalizing to ND/N.
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Figure 4.
Zn inhibited the kidney inflammation response and the activation of P38 MAPK induced by

obesity. (A-D) Renal mRNA level of MCP-1, IL-1p, IL-6, and TNF-a was detected by RT-
PCR both in 3 and 6 M as the evaluation of renal inflammation response. (E) TNF-a protein
expression level in kidney was examined by Western blot. (F) IHC staining of p-P38 MAPK
of 3and 6 M (400x, scale bar 100 xm). (G) Western blotting of p-P38 MAPK and total P38
MAPK after feeding the animals with different concentration of Zn. This was followed by
the ratio of p-P38 to total P38 and IHC staining positive area of p-P38 to evaluate the
activation of the P38 MAPK pathway. Data are presented as the mean + S.D. after
normalizing to ND/N.Zn (n25). *, P< 0.05 vs. corresponding ND/N.Zn; #, P< 0.05 vs.
corresponding HFD/N.Zn.
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Figure 5.

SB203580 prevented renal disorders and hypertrophy induced by obesity. After treatment
with SB203580, mice kidney morphology changes induced by obesity were prevented. (A)
Spot urine samples were collected to measure and calculate the UACR of SB203580 treated
mice. (B) Ratio of kidney weight and tibia length was calculated. (C) PAS staining was
performed to evaluate the general morphology changes of glomerular and tubular area. IHC
staining of PCNA was assayed to detect the glomeruli cell proliferation. Tubular IF of IL-6
staining revealed the inflammation level of kidney. (D) Semiquantitative analysis of
glomerular PAS positive staining area, tubular vacuolization levels, glomerular area, PCNA
positive cells, and IF positive area (400x, scale bar 100 gm). Data are presented as the mean
+ S.D. after normalizing to ND/N.Zn (n=5). *, P< 0.05 vs. corresponding ND/N.Zn; #, P<
0.05 vs. corresponding HFD/N.Zn; &, P< 0.05 vs. corresponding HFD/L.Zn.
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Figure 6.
SB203580 blocked the activation of the P38 MAPK pathway and prevented obesity-induced

inflammation. (A) The location of p-P38 MAPK was detected by IHC staining (400x, scale
bar 100 xm), and its activation level of P38 MAPK was evaluated by performing Western
blot. This was followed by the semiquantitative analysis of IHC positive area and the ratio of
p-P38 to total P38 MAPK. (B-E): RT-PCR was used to detect the renal mRNA expression
level of MCP-1, IL-18, IL-6, and TNF-a as the evaluation of kidney inflammation. (F)
Protein level of TNF-a was detected by Western blot. Data are presented as the mean + S.D.
after normalizing to ND/N.Zn (n=5). *, < 0.05 vs. corresponding ND/N.Zn; #, P< 0.05
vs. corresponding HFD/N.Zn; &, P< 0.05 vs. corresponding HFD/L.Zn.
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Figure 7.
Zn and SB203580 blocked the activation of P38 MAPK and prevented PA-induced

inflammation in renal tubular epithelial cells. To mimic the condition /n vivo, HK-1I cells
were treated with PA alone for the indicated times or by adding TPEN, Zn, or SB203580 in
some cultures, respectively. (A) Western blot was performed to detect the levels of TNF-a
and the activation level of P38 MAPK at 6, 12, 24, 48, and 72 h. (B) Western blot was
assayed to detect the levels of TNF-a and the activation level of P38 MAPK in PA treating
cultures adding TPEN, Zn, or SB203580 for 24 h. Data are presented as the mean = S.D.
after normalizing to Ctrl (7= 15). *, P< 0.05 vs. corresponding Ctrl; #, < 0.05 vs.
corresponding PA.
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Figure 8.
Schematic illustration for the effects of Zn on obesity-related nephropathy. Obesity induced

lipid infiltration and accumulation in kidney, causing the activation of P38 MAPK, which
led to renal cell proliferation, glomeruli hypertrophy, tubule damage, kidney remodeling, and
renal disorder through inflammation. In the early stage of obesity-induced nephropathy, Zn
could attenuate obesity-induced renal inflammation and disorders. However, with the
pathological progression and continuous stimulation by inflammation induced by P38
MAPK, a feedback pathway of P38 MAPK-inflammation was formed, and glomeruli
hypertrophy was detected. Zn lost its protective function at this stage. SB203580 could
down-regulate the P38 MAPK pathway, leading to attenuated obesity- and Zn deficiency-
induced inflammation, renal cell proliferation, and renal disorders. It indicated that Zn
mediated renal protection from obesity was via down-regulating the P38 MAPK pathway in
the early stage of obesity-induced nephropathy.
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