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Abstract: Diabetic Kidney Disease (DKD) represents the most common cause of Chronic Kidney
Disease (CKD) in developed countries. Approximately 30% to 40% of diabetes mellitus (DM) subjects
develop DKD, and its presence significantly increases the risk for morbidity and mortality. In this
context, Zinc seems to have a potential role in kidney and body homeostasis in diabetic individuals
as well as in patients at a high risk of developing this condition. This essential element has functions
that may counteract diabetes-related risk factors and complications, which include stabilization of
insulin hexamers and pancreatic insulin storage and improved glycemic control. In our review, we
analyzed the current knowledge on the role of zinc in the management of renal impairment in course
of DM. Several studies underline the critical role of zinc in reducing oxidative stress levels, which is
considered the common denominator of the mechanisms responsible for the progression of kidney
disease. Reaching and maintaining a proper serum zinc level could represent a valuable target to
reduce symptoms related to DM complications and contrast the progression of kidney impairment
in patients with the high risk of developing end-stage renal disease. In conclusion, analyzing the
beneficial role of zinc in this review would advance our knowledge on the possible strategies of DM
and DKD treatment.

Keywords: zinc; diabetic kidney disease; diabetic nephropathy; diabetes mellitus; antioxidant agent;
chronic kidney disease

1. Introduction

Zinc is an essential element and is the second most abundant divalent cation in
the human body (2—4 g). It is mainly distributed in skeletal muscles (57%) and bones
(29%) and acts as a cofactor for more than 300 enzymes, playing an important role in
several biochemical pathways [1]. In addition, zinc is involved in the cellular mechanisms
of proliferation, DNA and RNA synthesis, expression of specific genes, maintenance of
structural integrity, and in the systemic regulation of the immune system [2,3]. Zinc
deficiency is a frequent occurrence in the general population and is usually secondary to
poor intake or absorption, and in some circumstances excessive loss [4]. In some studies,
zinc deficiency has been reported to be associated with several disorders such as taste and
growth alterations, increased risk of infections, and increased production of oxygen-free
radicals [5]. In fact, zinc is essential for activating superoxide dismutase, a powerful enzyme
with antioxidant activity [6].
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Abnormalities of zinc homeostasis are frequent in patients with Chronic Kidney Dis-
ease (CKD). Plasma zinc levels decline progressively with decreasing GFR and, in hemodial-
ysis patients, zinc deficiency reaches a prevalence between 40 and 78% [7]. Furthermore,
a frequent complication of CKD is vascular calcification, which seems to be correlated
with reduced zinc serum levels. In vitro studies suggested the protective effect of zinc in
vascular calcification by enhancing vascular smooth muscle cell calcification viability in
response to Hypoxia-inducible factor (HIF) stabilizers and high phosphate levels [8]. Voelkl
et al. [9] evaluated the association between zinc levels and vascular calcifications in CKD
patients, hemodialysis patients, and healthy volunteers. They showed that lower serum
zinc levels correlated with increased vascular calcification in CKD patients, whereas zinc
supplementation did not alter serum calcification propensity.

In addition, several studies have also indicated the possible interaction between zinc
and diabetes and their associated complications, showing that physiologic zinc levels may
have beneficial effects in diabetic patients [10]. In particular, diabetic kidney disease (DKD)
is a frequent complication of diabetes mellitus that, in the early stages, manifests itself as
microalbuminuria. Zinc’s role in reducing the incidence of kidney involvement in diabetes
can be attributed to its ability in reducing oxidative stress and inflammation. Unfortunately,
there are few studies evaluating the efficacy of zinc supplementation in preventing the
onset of DKD, and most of them present controversial data.

The aim of this review is to examine the role of zinc in CKD and, in particular, its role
in preventing the development of renal failure in diabetic patients and reducing the risk of
related complications.

2. Zinc and Chronic Kidney Disease

CKD is a global public health problem with increasing prevalence worldwide, esti-
mated to affect between 11 and 13% of the general population [11]. Reduced level of zinc
has been demonstrated in CKD patients. Mafra et al. [12] assessed zinc status in 29 CKD
patients who were not receiving dialysis, demonstrating an imbalance between higher
erythrocytes zinc level (50.0 £ 7.2 microg/g hemoglobin) and borderline plasmatic titer
(74 £ 17.7 microg/dL) compared with normal values. Tavares et al. performed a cross-
sectional study with 21 nondialysis CKD patients compared with controls. They found that
zinc plasma levels were significantly lower in CKD group compared with the control group
(70.1 £19.2 ng/dL vs. 123.2 4 24.6 pug/dL; p < 0.0001) [13].

Another cross-sectional study conducted on 461 elderly Chinese individuals
(> 90-year-old), including a group of CKD patients, showed that zinc levels were lower in
the latter group and were negatively associated with the risk of CKD [14]. In end-stage
renal disease (ESRD) patients receiving hemodialysis (HD) treatment, plasma zinc con-
centration appears to be even lower and often results in a true zinc deficiency. Hasanato
etal. [15] studied 42 patients with ESRD on HD, 18 patients on peritoneal dialysis (PD), and
18 normal controls. No difference in plasma zinc was found between HD and PD patients
(9.50 nmol/L; 95% CI: 7.83-12.09; IQR: 7.00-14.40) but both groups had lower titers than
controls (13.20 nmol/L; 95% CI: 10.65-15.22; IQR: 10.58-15.35; p = 0.03). Lobo et al. [16] eval-
uated plasma zinc levels in 48 HD patients and 20 healthy subjects, confirming lower zinc
levels in HD population (54.9 £ 16.1 png/dL vs. 78.8 £ 9.4 ug/dL p < 0.05) and describing a
negative correlation to both TNF-o (p = 0.0001) and LDL (p = 0.008) with a hypothesized
correlation with higher cardiovascular mortality risk.

In a cross-sectional, case-control study, plasma zinc concentration was determined in 94
HD patients and compared with non-CKD patients, detecting a real zinc deficiency (serum
Zn concentration < 70 pg/dL) in 57.83% of the HD group, in addition to the significant
lower zinc titer in HD vs. control group (69.16 4= 17.29 ug/dL vs. 82.93 4 14.75 pg/dL;
p =0.001) [17].

The mechanism by which zinc concentration is reduced in CKD patients is not entirely
clear. Several factors may come into play. The reduced dietary intake appears to be related
to protein restriction while poor gastrointestinal absorption could be secondary to 1,25-
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dihydroxycholecalciferol deficiency [18] or drug interactions such as phosphate binder [19].
Another possible cause of reduced zinc levels in CKD patients is increased urinary zinc
excretion. Damianaki et al. [20] evaluated plasma and 24-h urinary zinc levels in 108 CKD
patients compared with 81 healthy volunteers. The results showed that CKD patients had
lower circulating zinc levels and higher 24-h urinary zinc excretion than control group
(612.4 + 425.9 mg/day vs. 479.2 £ 293.0 mg/day; p = 0.02) and fractional excretion (FE) of
zinc was higher at more advanced CKD stages. Unfortunately, the cause of this disorder
remains unknown. Recently, low zinc levels have been associated with an increased risk of
developing CKD or progression of kidney disease.

Joo et al. [21] retrieved data from Korean Genome and Epidemiology Study and
7735 participants were included to assess the role of dietary zinc intake in the incidence of
CKD. After a median follow-up of 11.5 years, CKD developed in 1409 (18.2%) participants.
Cox regression analysis showed that the risk of developing CKD was higher in patients
with lower zinc intakes (hazard ratio [HR], 1.36; 95% CI 1.18-1.58; p < 0.001).

In a retrospective cohort study, 325 CKD patients with zinc levels dosage were included
and divided into two group: low zinc (plasma concentration < 60 pg/dL) and high zinc
group (concentration > 60 ng/dL). The primary outcome was defined as ESRD or death.
The results showed that ESRD risk was higher in the low zinc group than in the high
zinc group (43.1% vs. 20.4%, p < 0.001) but there was no difference in the risk of death
(p = 0.65) [22].

Further, Damianaki et al. [20] found a significant correlation between lower zinc level
and decline of kidney function in a cohort of 108 CKD patients compared with the healthy
control group after 3 years follow-up. The pathogenic mechanism involving zinc levels
in the decline of GFR is still unclear. Several studies report a key role of zinc in reducing
oxidative stress levels that is considered the common denominator of all the mechanisms
responsible for the progression of kidney disease [23].

Thus, zinc supplementation may be a useful resource in the future. In fact, it has been
proposed not only to reduce the progression of kidney disease but also to reduce symptoms
related to complications of ESRD in hemodialysis treatment.

A systematic review and meta-analysis evaluated the effect of zinc supplementa-
tion in HD patients, suggesting that it improves nutritional status and leads to an anti-
inflammatory and antioxidative effect [24]. Kobayashi et al. [25] evaluated the effects of
zinc supplementation on the response to erythropoietin-stimulating agents (ESA) in 35 HD
patients with zinc deficiency (<65 nug/dL) compared with a control group of HD patients
without supplementation at a 12-month follow-up, showing that the ESA dosage require-
ment was lower in the zinc group. In conclusion, there is a strong correlation between
zinc levels and CKD and HD patients. Future studies are needed to evaluate the beneficial
effects of zinc supplementation in these patients to reduce disease progression and the risk
of developing comorbidity.

3. Role of the Zinc in DKD: Experimental Studies

The importance of zinc in preventing and slowing the progression of DKD has been
widely evaluated in experimental studies, leading us to focus on this microelement and on
the ways through which it exerts its protective action against the kidney damage sustained
by diabetes mellitus.

One of the main pathogenic mechanisms lying under DKD onset is oxidative stress
exerts by ROS in the kidney [26]. Ozcelik et al. [27] conducted an experimental study in rats
with streptozotocin-induced diabetes. The group treated with zinc sulfate 30 mg/kg/day
supplementation reduced the amount of kidney damage compared with the control group
through the zinc-mediated activation of metallothionine, a protein rich in cysteine that
interacts with Zn and iron bringing the reduction of reactive oxygen species (ROS) and,
consequently, the oxidant process [28,29].
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The protective effect of zinc administration was highlighted by the decrease in blood
glucose level, microalbuminuria, and by a smaller amount of glomerular damage in renal
samples of treated rats [28].

The relationship between zinc and DKD has been also demonstrated by Tang et al. [30]
on diabetic rats supplemented with 5 mg/kg/day of zinc for 3 months. The supplemen-
tation decreased the expression of profibrotic elements such as connective tissue growth
factor and upregulated the cardiac and renal metallothionines with an impact on both
diabetic cardiopathy and DKD onset and progression, as demonstrated by the reduction of
24 h albuminuria and histological alterations.

In addition to metallothionine upregulation, other factors can be implicated in the
zinc antioxidant mechanism [31]. One of these is nuclear factor-erythroid 2-related fac-
tor 2 (Nrf2). It is a powerful intracellular antioxidant ensuring an important defense
against reactive oxygen species (ROS)-activating superoxide dismutase (SOD), glutathione
S-transferase, and other neutralizing agents [32,33].

Zinc-mediated Nrf2 hyperexpression has been studied in several diseases [34,35] and
in particular, in mice fibroblastic cells as shown by Mcmahon et al. [36], supporting the
protective role of this mineral towards oxidative stress.

The study of Li et al. examined how zinc increased the transcription of Nrf2, attenu-
ating DKD in vivo on diabetic experimental models and in vitro on human renal tubule
cells [37]. Yang et al. [38] showed a protective role of zinc in diabetic rats through an
increase in Nrf2, protein Kinase B, and glycogen synthase kinase 3 beta phosphorylation.
These results were linked to downregulation of SOD1, SOD2, and other proteins involved
in oxidative stress.

On the contrary, zinc deficiency leads to increased phlogistic processes and hyperex-
pression of intercellular adhesion molecule 1 ICAM-1) in DKD.

Moreover, zinc can prevent the transition from epithelial to mesenchymal cells.

To confirm this action, a study on tubular cells of diabetic rats highlighted how zinc
supplementation may reduce the risk of fibrosis modulating the expression of proteins
such as E-cadherin and increase the expression of x-smooth muscle actin and vimentin [39].
Subsequently, Zhang et al. confirmed this zinc antifibrotic role, examining diabetic ex-
perimental models given 5 mg/kg zinc sulfate daily for 3 months. The attenuation of
tubular-interstitial fibrosis was supported by the downregulation of hypoxia-inducible
factor (HIF-1) [40], which is usually responsible for hypoxic damage in renal tubules having
a fundamental role in epithelial-to-mesenchymal transition and in increasing the collagen
matrix [41]. Another study demonstrated that zinc deficiency in diabetic mice increased
albuminuria levels and led to hyperexpression of fibroblastic cells, likely increasing the
transforming growth factor-f (TGF-f3) concentrations, leading to the genesis and progres-
sion of tubular-interstitial fibrotic damage [42].

Another important mechanism through which zinc protects the kidney from chronic
hyperglycemia damage is apoptosis. Through studies on cultures of mouse tubular cells,
it has been shown that the zinc mineral reduces apoptosis by inhibiting caspase 3 and
caspase 9, and the release of C-Cytochrome from mitochondria to cytosol [43]. The con-
firmation of these effects arrived by Wang et al. [44], who sustained the possible zinc
anti-apoptotic role through the Nrf2-guided defensive process, which includes Wnt/f3-
catenin signaling pathway downregulation.

The Barman study group highlighted the importance of zinc supplementation in
diabetic mice. The results obtained were an improvement in renal function calculated
by creatinine clearance and a reduced oxidative stress decreasing levels of SOD, catalase,
peroxidase glutathione, and glutathione S-transferase. In addition to these benefits, zinc
has a demonstrated positive effect against the polyol pathway, reducing the enzymatic
activity of sorbitol dehydrogenase and aldose reductase, and therefore, of their main
metabolites—namely, sorbitol, fructose, and glucose. Furthermore, renal advanced gly-
cation end products (AGEs) were diminished and the examined glomeruli demonstrated
histological improvement (Figure 1) [45-47].
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Figure 1. Zinc-related mechanisms in body homeostasis. AR, aldose reductase; CASP3, caspase 3;
CASP9, caspase 9; CTGF, connective tissue growth factor; Cys-C, C-Cytochrome; HIF1, hypoxia
inducible factor; MT, metallothionine; Nrf2, nuclear factor-erythroid 2-related factor 2; ROS, reactive
oxygen species; SDH, sorbitol dehydrogenase; «-SMA, x-smooth muscle.

4. Role of the Zinc in DKD: Human Studies

DKD is the most common cause of CKD in developed countries. Approximately 30%
to 40% diabetes mellitus patients develop DKD, and its presence significantly increases the
risk for morbidity and mortality [48].

DKD is defined as the presence of persisting severely elevated albuminuria
> 300 mg/24 h (or >200 pug/min) or an albumin-to-creatinine ratio (ACR) > 300 mg/g,
confirmed in at least 2 of 3 samples, with concurrent presence of diabetic retinopathy and
absence of signs of other forms of renal disease in both type 1 (T1D) and type 2 diabetes
(T2D) [49].

The risk factors and predictors of development and progression of DKD include age
at onset, hypertension, genetic, dietary habits, albuminuria, persistent hyperglycemia,
dyslipidemia, obesity, smoking, race, the markers of inflammation and oxidation, serum
advanced oxidation protein products (AOPP), AGEs, ROS, profibrotic cytokines (such as
TGF-), an increase in protein kinase C (PKC), and alterations of the metabolism of the
polyols, among others [50-52].

Kidney biopsy is of pivotal importance for a correct diagnosis but also for defining
prognosis, especially in the presence of heavy proteinuria or its rapid onset [53]. A timely
correction of risk factors for DKD progression and a personalized therapeutic approach
are fundamental in decreasing the impact of its complications and to reduce the risk of
ESRD [54,55]. Different therapeutic approaches have been proposed for DKD treatment,
including pharmaceutical and nutraceutical approaches [56-58]. Which is the best strategy
for DKD prevention and management is still matter of debate [59,60].

In this context, Zinc seems to have a potential role in kidney and body homeostasis
in diabetic individuals or for patients at a high risk to develop this condition. It seems
to stabilize the insulin hexamers and insulin pancreatic storage, improve glycemia, and
contrast diabetes-related risk factors [61,62].

Subjects following a diet with low zinc content or that present low levels of serum zinc
present a major risk of cardiovascular diseases, DM onset, and developing glucose intolerance.
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A recent systematic review and meta-analysis demonstrated that low-dose, long-
duration zinc intake from supplements, and potentially biofortification, can benefit risk
factors for T2DM and CVD [63].

In DKD setting, different studies demonstrated the connection between zinc serum
levels and renal impairment progression (Table 1).

Xu et al. [64] demonstrated in a cohort of diabetic patients that serum zinc level is
markedly lower, while urinary zinc level is significantly higher (p < 0.001) in both T1D and
T2D subjects compared with controls.

The cross-sectional study of Al-Timini et al. [65] showed low serum zinc levels
(p < 0.01) in DM subjects compared with non-DM controls. A significant decrease in
eGEFR (p < 0.05) and abnormal levels of microalbuminuria (p < 0.001) were reported in DM
patients with low serum zinc level compared with those with normal serum zinc level.
Serum zinc level in DM subjects was inversely correlated with serum creatinine (r = —0.331,
p < 0.001) and microalbuminuria (r = —0.587, p < 0.001) and positively with e-GFR (r = 0.194,
p < 0.01). In another cross-sectional study, Lin et al. [66] demonstrated that zinc status
may be a marker of progression of CKD in T2D patients. Serum zinc levels presented a
statistically significant decreasing trend (p trend = 0.032) from CKD stage 1 to stage 3b.

Several RCTs showed a pivotal role of zinc in preventing or slowing the worsening of
renal function (Table 2).

Khan et al. [72] conducted a single-center, placebo-controlled RCT, studying the effects
of 50 mg of zinc sulfate in addition to oral hypoglycemic agents and angiotensin converting
enzyme inhibitors in subjects with T2D with microalbuminuria. Patients treated with zinc
supplementation showed a significantly decrease in microalbumin, serum hs-CRP, mean
fasting blood glucose, postprandial blood glucose, and glycosylated hemoglobin levels
(p = 0.0001). Their results demonstrated that zinc supplementation can improve the oral
hypoglycemic agents efficacy and reduce the risk complications of DKD.

These results are in line with those of Parham et al. [70] that analyzed the effect of
zinc supplementation versus placebo on microalbuminuria in DM individuals in their
double-blind, randomized, placebo-controlled, crossover trial.

The authors observed a significant reduction in albumin excretion in the zinc supple-
mentation group but not in the placebo group from 86.5 = 57 to 75 & 71 mg/g (p = 0.01) and
in the control group, after the switch from placebo to zinc compound (from 90 &+ 60 mg/g
to 85 £ 57 mg/g creatinine (p = 0.003) after 30 mg of elemental zinc supplementation.

In their randomized, double-blind, placebo-controlled clinical trial, Farvid et al. [67]
investigated the effects of several minerals and vitamins on renal dysfunction in T2D. They
studied the effects of the combination of these compounds in different groups of patients
with similar characteristics; their results showed that the group treated with 200 mg vita-
min C/day and 100 Ul vitamin E/day and the group treated with zinc sulfate 30 mg/day
and magnesium oxide 200 mg/day presented a decreased in urinary albumin excretion
(p = 0.034 and p = 0.005, respectively), while the group treated only with zinc supplemen-
tation did not reach a significant reduction. One of the main limitations of this study is
that ACR ratio was not searched in repeated measurements but only once in morning spot
urine at baseline and after three months. This bias does not allow us to reach valid data
and proper diagnosis of persistent microalbuminuria and macroalbuminuria.

This point has been also commented by Rossing et al. [67], who highlighted how this
study showed a marked discrepancy between the level of urinary albumin excretion rate
(30 mg/g creatinine), suggesting microalbuminuria, and the urinary protein excretion rate
value (1-2 g/g creatinine; indicative of overt nephropathy).

Kadhim et al. [68], in their double-blind, placebo-controlled, clinical trial, studied
the effects of 10 mg of melatonin and 50 mg of zinc acetate in addition to the regularly
used metformin or placebo. Their results demonstrated that the combination of these
micronutrients can significantly improve DM-related complications such as the impaired
lipid profile and microalbuminuria in patients with T2D.
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Table 1. Cross-sectional studies analyzing zinc serum levels and renal impairment progression in DKD. Abbreviations: CKD, Chronic kidney disease; Cu, Copper;
DKD, Diabetic Kidney Disease; T1D, Type 1 diabetes mellitus; T2D, Type 2 diabetes mellitus; DKD, Diabetic Kidney Disease; DPN, Diabetic peripheral neuropathy;
DR, Diabetic retinopathy; eGFR, estimated glomerular filtration rate; IFG, Impaired fasting glucose; IGT, Impaired glucose tolerance; PPM, part per million; Zn, Zinc.
Study, year Patients (n.) Controls (n.) Results
fge%tizgtin Vz:fl‘ ?245‘; prediabetes Plasma Zn (mg/L): Control group 0.81 (0.67-0.93) vs. IFG group 0.75 (0.70-0.84) (NS) vs. IGT
IFgG' (n = 1'2) & 0.77 (0.67-0.87) (NS) vs. T1D 0.59 (0.53-0.75) (p = 0.056) vs. T2D 0.61 (0.51-0.75) (p < 0.001)
Jiancheng Xu IGT: (n _ 15) Urinary Zn (mg/L): Control 0.20 (0.14-0.32) vs. IFG 0.32 (0.26-0.37) (NS) vs. IGT 0.27
ot al [64]g Tllj' (n_— 25) 50 healthy patients (0.19-0.41) (NS) vs. T1D 0.86 (0.67-0.91) p < 0.001 vs. T2D 0.48 (0.38-0.57) p < 0.001
’ it yp Plasma Zn (mg/L): T2D 0.73 (0.55-0.79) vs. DKD 0.59 (0.48-0.76) (NS) vs. DR 0.58 (0.46-0.63)
2013 T2D: (n = 137)
DKD: (1 = 24) p =0.002 vs. DPN 0.63 (0.59-0.75) p = 0.08
DR: (.n = 34) Urinary Zn (mg/L): T2D 0.47 (0.28-0.53) vs. DKD 0.44 (0.30-0. 52) (NS) vs. DR 0.45
DPN: (1 = 50) (0.25-0.52) (NS) vs. DPN 0.52 (0.44-0.63) (p < 0.001)
Urinary zinc/creatine (ug/g):
2.33 + 1.18 in patient groups vs. 1.01 + 0.57 in control (p value < 0.001)
Serum zinc (ug/dL):
70.0 + 19.2 in patient groups vs. 86.2 + 15.2 in control (p value < 0.001)
300 T2D patients Group I: .86.2 +15.2
Ace 435-71.6 Group II: 79.2 + 15.0
e 2=/ 0 . 100 apparently healthy ~ Group III: 77.9 + 17.2
Group II: Diabetic, normotensive (1 = 145) bi .
Al Timini et al. [65] Group III: Diabetic, hypertensive (1 = 41) subjects Group IV: 568 + 13.8
! Age 45.7-69.2 Group V:55.0 + 14.2

2014

Group IV: Diabetic, normotensive with
microalbuminuria (n = 62)

Group V: Diabetic, hypertensive with
microalbuminuria (n = 52)

Group I: Nondiabetic,
normotensive (n = 100)

eGFR > 90 mL/min/1.73 m?: 107 (45.7%) had serum zinc levels < 70 ug/dL and 127 (54.3%)
> 70 ug/dL (total 234)

eGFR 60-89 mL/min/1.73 m2: 38 (76.0%) had serum zinc levels < 70 ug/dL and 12 (24.0%) >
70 ug/dL (total 50)

eGFR 30-59 mL/min/1.73 m?2: 14 (93.3%) had serum zinc levels < 70 ug/dL and 1 (6.7%) >
70 ug/dL (total 15)

eGFR 15-29 mL/min/1.73 m?:

1 (100%) had serum zinc levels < 70 pg/dL and none > 70 pg/dL (total 1)
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Table 1. Cont.

Study, year Patients (n.) Controls (n.) Results
148 T2D patients with CKD
Age 624 +9.38
CKD Stage 1 eGFR > 90 mL/min/1.73 m? Zinc (ppm)
(n =25) Stage 1: 1.0 £ 0.2
Lin et al. [66] CKD Stage 2 eGFR 60-89 mL/min/1.73 m? N trol Stage 2: 0.9 £ 0.2
2018 (n = 49) O control group Stage 3a: 0.9 + 0.2
CKD Stage 3a eGFR 45-69 mL/min/1.73 m? Stage 3b: 0.8 0.2
(n = 40) p = <0.001
CKD Stage 3b eGFR 30-44 mL/min/1.73 m?
(n=34)
651 patients with T2D Cu (microg/dL): 97.0 & 15.6 in no DKD group vs. 100.5 & 15.5 in DKD group (p = 0.007)
Takao et al. [67] Age 65 +9.7 No control erou Zn (microg/dL): 85.4 & 11.3 in no DKD group vs. 82.1 & 11.6 in DKD group (p = 0.0005)
2021 DKD group (n = 220) group Cu/Zn ratio: 1.155 % 0.242 in no DKD group vs. 1.247 & 0.265 in DKD group (p < 0.0001)
No DKD group (n = 431) The optimal Cu\Zn cut-off value for detecting DKD was 1.1648

Table 2. Randomized-Controlled Trials analyzing zinc serum levels and renal impairment progression in DKD. Abbreviations: NAG, N-Acetyl-3-d-Glucosaminidase;
HDL, High-Density Lipoprotein; VLDL, Very-Low-Density Lipoprotein; LDL, Low-Density Lipoprotein; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure;
OHA, Oral Hypoglycemic Agents; UAE, urinary albumin excretion; FBG, fasting blood glucose; TG, triglycerides; CRP; C-reactive protein.

Study, Year Population Intervention Control Follow-Up Renal Outcomes

Microalbuminuria (mg/g creatinine):

Group M (n = 18): No significative reduction after zinc supplementation in group P and M

Zinc sulfate 15 mg and

76 T2D patients with maenesium oxide 100 m Significative reduction in group V (35.6 (6.2-64.9) vs. 22.1 (5.2-39.0)
microalbuminuria twi%e aday 8 (p = 0.034) and in group MV (29.3 (3.2 to 61.9) vs. 10.8 (4.2-17.3) (p = 0.005)
Farvid et al. [68] Divided into 4 groups: Group V (1 = 20): Group P (1 = 19): after zinc .supplementahon
M, V, MV, P . . 3 months NAG (units/g Cr):
2005 100 mg vitamin C and 50 UI ~ Placebo AP . . L
Age: 50 £ 9 for groups o . No significative reduction after zinc supplementation in group M, V, MV,
PV MV vitamin E twice a day and P

Group MV (n =19):
Both supplementation of
group M and V

52 + 8 for group M Urine protein (g/g creatinine):
No significative reduction after zinc supplementation in group M, V, MV,

and P
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Table 2. Cont.

Study, Year Population Intervention Control Follow-Up Renal Outcomes

Microalbuminuria (mg/g creatinine):

No significative difference in group A after Zinc supplementation
Significative reduction in group B after 30 days and after 90 days
Baseline 249.05 + 24.74. After 30 days 188.61 £ 13.88 (p < 0.01). After
90 days 156.22 4 14.26 (p < 0.01).

Significative difference between group B and group A after 90 days.

Group B (n = 18): Group A
10 mg of melatonin + 50 mg (1 = 15):
of zinc acetate + metformin  Placebo +

46 patients with T2D 2550 me /die + dietar metformin Significative reduction in group C after 30 days and after 90 days. Baseline
Kadhim et al. [69]  Divided into 3 groups: A, B, it lg rooram Y 2550 me /di 3 month 254.69 + 32.30. After 30 days 215.07 £ 30.96 (p < 0.01). After 90 days
2006 C, and control group control progra ) g/ die . Onths 621.07 £ 18.59 (p < 0.05). Significative difference between group C and
Awed 491 + 6.0 Group C (n =13): Control (n =17): A after 90 d
ged 49. X . . group A after ays
10 mg of melatonin + 50 mg  healthy subjects Plasma creatinine (mg/dL):
of zinc acetate + dietary in the same age No significative difference in group A, group B, and group C after Zinc
control program range of patients supplementation
Plasma urea (mg/dL):
No significative difference in group A, group B, and group C after Zinc
supplementation
Group 1:
3 months
of zinc, 4
Xeeﬁs Oi Urinary albumin excretion (mg/g):
50 patients with T2D and ar?c? 3 ot Significant reduction after 3 months of Zn supplementation in both Group 1
P L (86.5 £ 57 at baseline vs. 75 £ 71 after supplementation) and Group 2
microalbuminuria months of PP P
. . Zinc Sulfate 132 mg (90 + 60 at baseline vs. UAE = 78 + 57 after supplementation) (p < 0.05)
Parham et al. [70]  Divided into group 1 1 capsul d Placebo (30 mg placebo . L
_ _ psule per day (30 mg . No significant reduction in both group after placebo
2008 (n =21) and group 2 (1 = 18) elemental Zn) of lactose) Group 2: Creatinin clearance (mL/min/1.73 m?):
Age 52 £ 9.3 (Group 1) and 3 months No significant difference in both groups concerning Creatinine Clearance
54.5 £ 9.2 (Group 2) of placebo, GFR (mL/min/1.73 m?)
4 weeks of No significant difference in both groups concerning GFR
wash out,
and 3
months of

zinc
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Table 2. Cont.

Study, Year Population Intervention Control Follow-Up Renal Outcomes
Patients with T2D Age: BUN (mg/dL):
48.46 + 4.61 in Zn Group Zn group: before treatment 24.15 + 6.28 and 21.15 =+ 6.04 after treatment
El-Ashmony and 48%0 i 409 in placle bo Zn group (1 = 26) Control group gff OOO? ive diff . |
etal. [71] group. a.tle.nts qn regular 40 mg zinc sulfate once (1 = 30) 8 weeks 0 signi 1ca.t1x./e 1 erence‘m control group
2012 use of antidiabetic drugs daily Placebo Serum creatinine (mg/dL):
(no insuline), with HB1Ac Zn group: before treatment 0.90 + 0.42 and 0.82 + 0.42 after treatment
concentration of 8% or (p <0.001)
greater No significative difference in control group
54 T2D patients with Urine microalbumin (mg/day):
Khan et al. [72] microalbuminuria divided ~ Zn group (n = 27) Control group Significant reduction after 12 weeks in Zinc group
2013 ' into 2 groups: Zinc Sulfate 50 mg 1 (n=27) 12 weeks Pretrial: 146.87 =+ 30.83 before treatment vs. 80.70 £ 33.99 after treatment
OHA alone or OHA + zinc.  capsule per day + OHA OHA alone p value = <0.0001
Age 56.1 £8.5 No reduction in control group




Nutrients 2022, 14, 1353

11 of 17

El-Ashmony et al. [71] studied the effects of 40 mg zinc sulphonate supplementation,
in addition with oral hypoglycemic agents. Patients treated with zinc showed a significant
reduction in blood urea nitrogen (BUN) and serum creatinine (p < 0.001), as well as better
glycemic control and desirable changes in lipid profile.

Zinc supplementation has been demonstrated to exert a positive effect even in ESRD.
In their randomized, double-blind, placebo-controlled trial, Hosseini et al. [68] tested
the effects of zinc sulfate supplementation on DM patients on hemodialysis. The results
of this study showed a favorable effect of 220 mg ZnSO, (50 mg/day Zn) for 8 weeks
supplementation on serum copeptin (p < 0.001), BUN (p < 0.001), and creatinine levels
(p < 0.001) in hemodialysis subjects with zinc deficiency. In contrast, Quantitative Insulin
Sensitivity Check Index (QUICKI) (p = 0.57), Homeostasis Model Assessment (HOMA-IR)
(p = 0.60), and serum insulin (p = 0.55) were not influenced by zinc supplementation
compared with placebo group.

5. Zinc Supplementation and Optimal Levels in DKD: In Medio Stat Virtus

The World Health Organization identifies zinc deficiency as a relevant contributing
factor for major diseases [72]. Inadequate zinc levels are common even in developed
countries but have devastating consequences, especially in low-income countries. Zinc
deficiency is responsible for an estimated 453 207 deaths worldwide, 4.4% of which are
among children 6-59 months of age and 1.0% of all-cause deaths [73].

The Biomarkers of Nutrition for Development Zinc Expert Panel and the International Zinc
Nutrition Consultative Group suggest lower cut-offs for serum zinc between 59 and 70 pg/dL
for females aged >10 years and between 61 and 71 pg/dL for males aged >10 years [74]. These
cut-offs for zinc deficiency are in line with those from NHANES II study. In this survey,
the low limits for zinc adequacy were 5765 pg/dL for children <10 years, 61-74 ug/dL
for males >10 years, and 59-70 ug/dL for females >10 years [75].

The Mayo Clinic Group established a normal range value for zinc plasma levels of
60-120 pg/dL for 0-10 year patients and of 66-110 ng/dL > 11 years [76]. Ryan Wessels
etal. [77], in their analysis, suggested maintaining plasma zinc levels within the physiologic
range of ~65-125 ng/dL, depending on age, sex, and fasting status.

The cause of suboptimal zinc levels can be related to different factors. Inadequate
nutritional zinc intake is linked to inappropriate meat consumption, or secondary, to an
excess of ingestions of food containing phytates or oxalates. Chronic diseases can also lead
to inadequate zinc intake or excessive excretion [78,79]. Several medications can cause
impaired zinc levels, such as penicillamine, diuretics, antibiotics, or sodium valproate [80].

The dietary intake of zinc for children is usually 3 mg/die, ranging between 8 to
11 mg/die for adults [81]. For adults with symptomatic zinc deficiency, oral replacement
treatment usually comprehends a posology of 2 to 3 mg/kg/die for symptomatic sub-
jects or 2040 mg/die for 1-2 weeks. Doses higher than 50 mg/die can lead to gastric
distress, nausea, headache, loss of appetite, and diarrhea. A supplementation higher than
150 mg/die can lead to immune alterations and lipidic status dysregulation [82].

In diabetic patients, zinc seems to exert several positive effects. Zinc supplementation
in T2D subjects could ameliorate HbA1c% levels, fasting, and postprandial glucose [83,84].
A recent systematic review and meta-analysis showed that moderately high dietary zinc
intake, concerning the Dietary Reference Intake, could reduce the risk of T2D by 13%, and
up to 41% in rural areas. Conversely, elevated plasma zinc concentration was associated
with an increased risk of T2D by 64%, indicating alterations in zinc homeostasis [85].

It is still a matter of debate as to which is the possible optimal serum zinc value for
diabetic patients with kidney impairment to slow the disease progression. This popula-
tion often exhibits impairment of plasma zinc levels with hyperzincuria and altered zinc
reabsorption compared with the general population [86,87].

A population-based reference value for zinc in DKD patients is still missing and further
studies are needed to establish its optimal level. At the same time, the existing literature
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on the field suggests maintaining an adequate status of this microelement, avoiding low
critical levels or, conversely, an excessive supplementation.

6. A Tricky Aspect on the Zinc Supplementation: Mind the Copper

One of the limitations of the current studies on zinc is the lack of data about the balance
between zinc and copper. Zinc is essential for the adequate formation and function of the
antioxidant enzyme copper-zinc superoxide dismutase, and a proper balance between
these two micronutrients is of pivotal importance in body homeostasis.

Reduced blood concentrations of zinc and copper cause a significant number of dis-
eases, ranging from growth retardation to immunosuppression, to syndromes characterized
by anemia, neutropenia and skeletal alterations. In addition, zinc and copper reduction
alters the patient’s lipid profile, activating atherogenesis with a consequent increase in
cardiovascular risk. Interestingly, it has been observed that detecting low levels of zinc and
its subsequent supplementation can reduce copper, with rather important consequences.
Fischer et al. [88] observed how the reduction in copper and zinc concentrations caused
a reduced activity of metalloenzymes and ceruloplasmin. However, the administration
of zinc with two doses of 2.5 mg per day showed no statistically significant differences
between the treated group and the control group at 2—4 and 6 weeks after starting therapy.
SOD activity was even reduced in treated patients compared with the control group, with a
significant difference between the groups at 6 week (p < 0.05). These results indicated that
the zinc supplements decreased the copper status of the experimental group.

Koi et al. [89] confirmed the hypothesis of the inverse relationship between zinc supple-
mentation and blood copper reduction. They reported a clinical case of a 75-year-old patient
treated with hemodialysis for 10 years, with kidney damage caused by DKD. The patient,
in treatment with zinc supplements, after about 3 months, developed pancytopenia with
high serum levels of WT1 mRNA and the presence of megaloblasts and ring sideroblasts at
the bone marrow needle aspiration exam. These results, associated with low serum levels
of copper and ceruloplasmin, suggested that the cause of these hematopoietic alterations
was attributable to zinc supplements therapy and a consequent reduction in cupremia
values. To demonstrate this hypothesis, the patient added cocoa (rich in copper) to his diet
in the following months, gradually solving pancytopenia and bone marrow dysplasia.

Duncan et al. [90] demonstrated how supplementation with zinc, in subjects with
inadequate serum levels, induced a copper deficiency. In their study, 62% of the receiving
zinc supplementation experienced copper reduction. In 48% of the studied population, the
cause of zinc low titer was attributable to reduced albumin concentration, and a persistent
systemic inflammatory state. Nine percent of patients also developed unexplained anemia
and seven percent presented typical neurological symptoms of copper deficiency.

In a recent study, Takao et al. [67] evaluated the role of inflammation markers and
the copper/zinc ratio in developing DKD in patients with T2D. The authors noticed that
an increase in this ratio may further exacerbate inflammation in patients with elevated
soluble tumor necrosis factor-« receptor 1; moreover, this inflammatory status, which
correlates with an increase in copper/zinc ratio levels, is synergistically associated with a
high prevalence of DKD.

Closely related to this study is that of Laouali et al. [91], in which the incidence of
diet on the serum Cu/Zn ratio was evaluated, and the consequent development of T2D in
women. A total 70,991 women were followed for 20 years, calculating the amounts of zinc
and copper taken with the diet through questionnaires. In this context, Cu/Zn ratio < 0.55
was associated with a lower risk of developing T2D. For women with zinc intake
<8 mg/day, a higher Cu/Zn ratio was associated with a higher T2D risk.

Subgroups of patients were analyzed, comparing the highest and lowest quintiles of
the Cu/Zn ratio and the same pattern of association was observed with obese women or
taking more than 8 mg of zinc a day. For women with zinc intake <8 mg/day, higher Cu/Zn
ratio was associated with higher T2D risk. The study suggests that a lower dietary Cu/Zn
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ratio is associated with a lower T2D risk, especially among obese women and women with
zinc intake >8 mg/day.

7. Conclusions

Zinc is a fundamental microelement involved in essential pathways regulating body
homeostasis. Zinc supplementation seems to exert a favorable effect not only on DKD
risk factors but also on delaying its progression. Several cross-sectional studies and RCTs
confirmed that imbalances in zinc levels lead to high susceptibility to the development of
DM and its complications.

An adequate level of this essential compound can be fundamental in contrast oxidative
stress and systemic inflammation.

Even if several studies seem to demonstrate that zinc supplementation may have reno-
protective effects in patients with DKD, more RCTs on larger patients’ sample and with longer
duration of follow-up are needed to confirm the effects of long-term zinc treatment and the
correct balance of copper/zinc status to evaluate the appropriate supplementation dosage.
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Abbreviations

AOPP advanced oxidation protein products
ACR albumin-to-creatinine ratio

AGEs advanced glycation end products

BUN blood urea nitrogen

CKD Chronic Kidney Disease

DM Diabetes Mellitus

DKD Diabetic Kidney Disease

ESRD end-stage renal disease

Fe iron

FE fractional excretion

GFR glomerular filtration rate

HD hemodialysis

HIF Hypoxia-inducible factor

HOMA-IR homeostasis model assessment—insulin resistance
hs-CRP high-sensitivity c-reactive protein

HR hazard ratio

HIF Hypoxia-inducible factor

ICAM-1 intercellular adhesion molecule 1

LDL low-density lipoprotein

MT metallothionine

mRNA messenger ribonucleic acid

Nrf2 nuclear factor-erythroid 2-related factor 2
PD peritoneal dialysis

QUICKI Quantitative Insulin Sensitivity Check Index
RCT randomized controlled trial

ROS reactive oxygen species

SOD superoxide dismutase



Nutrients 2022, 14, 1353 14 of 17

PKC protein kinase c

TGF-B  Transforming growth factor 3
TNF-«  tumor necrosis factor-alpha
T2DM  type 2 diabetes mellitus

WT1 Will’s tumor gene-1

Zn Zinc

ZnSO4  Zinc sulfate
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