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Zinc is an essential component of hundreds of enzymes,
plays a pivotal role in optimal nucleic acid and protein
metabolism, promotes cell growth and differentiation,

Context: The assessment of zinc status is difficult but essential for the identifica-
tion of zinc deficiency and evaluation of interventions to improve zinc status.
Objective: The purpose of this systematic review (SR) and meta-analysis was to
update the previously published SR of biomarkers of zinc status, conducted by the
European Micronutrient Recommendations Aligned (EURRECA) network in 2009, to
answer the question: Which putative measures (biomarkers) of zinc status appro-
priately reflect a change in zinc intake of at least 2 weeks? Data Sources: A struc-
tured search strategy was used to identify articles published between January 2007
and September 2022 from MEDLINE (Ovid), Embase (Ovid), Cochrane Database of
Systematic Reviews, and Cochrane Central Register of Controlled Trials (CENTRAL).
Relevant articles were identified using previously defined eligibility criteria. Data
Extraction: Data were extracted and combined with data from the previous SR.
Data Analysis: A random-effects model was used to calculate pooled mean differ-
ences using STATA (StataCorp). The risk of bias and the certainty of evidence for all
outcomes were assessed. Additional data on 7 of the 32 previously reported bio-
markers were identified, along with data on an additional 40 putative biomarkers
from studies published since 2007. Pooled data analysis confirmed that, in healthy
participants, both plasma/serum zinc concentration and urinary zinc excretion
responded to changes in zinc intake (plasma/serum: mean effect [95% Cl],
controlled studies: 2.17 umol/L [1.73, 2.61]; P <.005, ¥ =97.8; before-and-after
studies: 2.87 umol/L [2.45, 3.30]; P <.005, PP = 98.1%; urine zinc: 0.39 mmol/mol
creatinine [0.17, 0.62]; P < .005, F=81.2; 3.09 umol/day [0.16, 6.02]; P=.039,
PP = 94.3). Conclusion: The updated analyses support the conclusion that plasma/
serum and urinary zinc respond to changes in zinc intake in studies of healthy par-
ticipants. Several additional putative biomarkers were identified, but more studies
are needed to assess the sensitivity and reliability.

Systematic Review Registration: PROSPERO no. CRD42020219843.

Key words: zinc, zinc status, biomarker, systematic review, meta-analysis.

INTRODUCTION and is involved in cell-mediated
Consequently, zinc deficiency is associated with a range
of health conditions, including, but not limited to,
impaired growth and neurodevelopment in children,
increased infection susceptibility in both children and
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adults, and adverse pregnancy-related complications.>”
Assessment of zinc status is not only essential for under-
standing the prevalence and magnitude of zinc defi-
ciency but also for designing, implementing, and
evaluating the impact of nutritional interventions to
improve zinc nutriture.>” The term “status” in this con-
text implies a clear association between biomarker val-
ues and exposure (dose-response) and a threshold value
at which clinical symptoms of deficiency can be identi-
fied, thus enabling a cutoff value or series of values for
the diagnosis of “inadequate status” or “optimal status.”
Unfortunately for type 2 nutrients such as zinc, this
clear dose-response—clinical outcome relationship is
elusive because the physiological effects of zinc defi-
ciency result in numerous biochemical changes, linked
with a broad range of physiological functions.® Further
complexity is added by the body’s efficient regulation of
zinc homeostasis that mitigates the impact of zinc
intakes that are either too high or too low. When intake
is insufficient, the body conserves zinc by reducing
excretory losses while the fraction of dietary zinc
absorbed is increased. Failure of the homeostatic
response to restore zinc balance leads to clinical symp-
toms, such as skin lesions, and functional consequences,
such as such as impaired linear and ponderal growth,
and immune dysfunction.” Metabolic balance studies
have estimated that these changes are driven by the loss
of zinc from a small, mobilizable pool of zinc represent-
ing less than 2% of total body zinc, and comprised
partly of zinc located in the blood plasma, while the
majority of zinc in the body located within muscle tis-
sue, bone, and organs (2-3 g in adult males) is highly
conserved and not mobilized, even in conditions of
severe dietary zinc restriction. Similarly, small increases
in dietary zinc can lead to a rapid repletion of the mobi-
lizable zinc pool and improvements in the clinical and
functional consequences of deficiency.® Thus, identifica-
tion of a sensitive and reliable biomarker has been a pri-
ority for zinc, not only to identify those with marginal
deficiencies or subclinical deficiencies but also to under-
stand the response to dietary interventions that provide
moderate additional zinc intakes.”' The first step in
this process is to explore the exposure-response rela-
tionship. A previous systematic review and meta-
analysis conducted by the European Micronutrient
Recommendations Aligned (EURRECA) network in
2009"" found that, of potentially 32 biomarkers, plasma
zinc concentration responded in a dose-dependent
manner to dietary manipulation in adult populations.
Urinary and hair zinc were also found to respond reli-
ably to changes in dietary zinc intake, but data for these
were more limited. Several other potential biological
indicators lacked sufficient data for evaluation.

In 2015, the Biomarkers of Nutrition for
Development (BOND) Zinc Expert Panel' recommended
3 measures for estimating zinc status: dietary zinc intake,
plasma zinc concentration, and height-for-age in grow-
ing infants and children. It was noted, however, that
plasma zinc concentration has limited responsiveness to
dietary changes, considerable interindividual variability
with changes in dietary zinc, and may be influenced by
recent meal consumption, the time of day, inflammation,
and certain drugs and hormones. Several potential or
emerging zinc biomarkers were identified (eg, hair, nail,
and urinary zinc concentrations; concentrations of zinc-
dependent proteins; zinc kinetic markers; and DNA-
repair functions), but there was insufficient evidence to
recommend their use in evaluating the zinc status of
individuals or populations.

A number of new studies have been published since
the EURRECA systematic review and the BOND expert
panel recommendations using both well-established
biomarkers, such as plasma and urinary zinc concentra-
tions, and emerging biomarkers, such as nail zinc, DNA
integrity, and enzymes involved in fatty acid metabo-
lism."*”'*> Given these developments we have under-
taken an update of the EURRECA review'' to include
studies published from 2007 to 2023, detailing the most
recent advances in zinc research and capitalizing on a
more extensive dataset that includes studies for both
established and putative biomarkers. By doing so, our
aim was to provide a comprehensive update on the cur-
rent understanding of available zinc biomarkers and to
determine which biomarkers are sufficiently reliable, in
terms of their response to zinc exposure, to be explored
further for their potential use to evaluate zinc status in
individuals and populations.

METHODS

This systematic review was conducted according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) checklist (PRISMA-2020)"°
and registered in the International Prospective Register
of Systematic Reviews (PROSPERO; registration no.
CRD42020219843).

Inclusion criteria

This review follows the same inclusion criteria as the
original review,!! which was based on the EURRECA
methodology for systematic reviews assessing potential
biomarkers of micronutrient status.'” The inclusion cri-
teria, based on the Population, Intervention,
Comparison, Outcomes, and Study design (PICOS) ele-
ments, are presented in Table 1.
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Table 1. PICOS Criteria for Inclusion of Studies

Parameter

Criteria

Population
supplements
Intervention, exposures

Healthy humans without restriction in gender and age who had not recently used mineral or vitamin

Depletion or supplementation of zinc in humans for a span time of a period of >2 weeks over which

the change was measured. Supplementation used the form of the following supplements: zinc sul-
fate, zinc acetate, zinc gluconate or Zinc methionine. In depletion studies, subjects were purpose-
fully maintained on diets containing marginally low or deficient levels of zinc.

Higher zinc intake vs lower or no zinc intake, or before and after zinc intake
The outcomes of interest are those biomarkers that give us information about concentrations of zinc

status in humans (eg, serum, plasma, urinary excretion, nails, hair) at baseline and at >2 weeks of
zinc supplementation or depletion. This may include but is not restricted to the following:

Comparators
Outcome
* serum/plasma zinc
* urinary zinc
* zinc in nails and hair
Study designs

Randomized controlled trials (RCTs), controlled clinical trials, and before-and-after studies (B/A)

Search strategy, study selection, and data extraction

The search was carried out using MEDLINE (Ovid),
Embase (Ovid), Cochrane Database of Systematic
Reviews, and Cochrane Central Register of Controlled
Trials (CENTRAL; Cochrane Library). The search strat-
egy was adapted from that of the original review with
assistance from an expert reference librarian (C.H.)
using a combination of key words and MeSH (Medical
Subject Heading) terms based on the exposure of inter-
est (terms related to zinc intake). The search strategy is
presented in Information S1. The search was conducted
in September 2020 and was updated in September 2021
and July 2022. The aim of this review is to update the
previous EURRECA review''; therefore, the search was
restricted to articles published from 2007. However,
articles from the original review'' were included for
completeness in the meta-analyses. The search had no
language restriction. Additionally, previous reviews on
biomarkers of zinc intake"'® were screened to ensure
no potential zinc biomarkers were overlooked.

Results from the searches were merged into
EndNote X7 Referencing Software for Windows
(Thomson Reuters, New York) where duplicates were
removed and uploaded into Rayyan software'® for title
and abstract screening (stage 1). The eligibility of the
studies was assessed based on the inclusion criteria (A.K.
M.B., M.C.-R.) (Table 1). If the abstract did not contain
sufficient information for a definitive decision to be
reached, a conservative approach was used, such that it
was carried forward to the second (full-text) screening
stage. During this first screening stage, a randomly
selected 10% of articles were cross-checked by a second
member of the review team (N.M.L., M.C.-R., or A.K.M.
B.). At stage 2, full-text copies were obtained, and
assessed based on the inclusion criteria by at least 2
members of the team (A.K.M.B., M.C.-R,, E.P.). Any dis-
agreement or uncertainty during all screening stages

Nutrition Reviews® Vol. 00(0):1-23

was discussed with members of the research team
(N.M.L, VHM.,, AKM.B, M.C.-R,, EP.,, S.G.) until
reaching consensus and changes were made accordingly.

Data extraction and synthesis

Two reviewers (A.K.M.B., E.P.) extracted the data from
the included articles into a specifically designed Excel
(Microsoft Excel for Microsoft 365 MSO version 2208;
Microsoft Corporation, Redmond, WA, USA) form. All
extracted articles were cross-checked by a member of
the review team (S.G., N.M.L,, VH.M,, M.C.-R., A K.M.
B., E.P.). Data extracted included bibliographic infor-
mation, location, study design, population characteris-
tics (ie, sex, age), intervention (ie, type of supplement,
dose, and duration), and study outcome measures,
including previously identified zinc biomarkers and
potential biomarkers of interest. A list of all the out-
comes measured reported in the studies was reviewed
by an experienced researcher (N.M.L.) and to identify
plausible novel biomarkers based on a potential func-
tional or structural role of zinc and on previous zinc
biomarker reviews."'"'® Where data on potential bio-
markers were presented as a graph, authors were con-
tacted for precise data. Where data from studies could
not be pooled for meta-analysis, the results are reported
narratively. Data from the original 2009 review were
provided by a member of the EURRECA review team
(K.F.) and added to the review database.

Risk-of-bias assessment

Risk of bias was assessed using the Cochrane Risk of
Bias 2 (RoB2) tool®° for all randomized controlled trials
(RCTs) and the Cochrane Risk of Bias in Non-
Randomized Studies of Interventions (ROBINS-I) for
nonrandomized trials.*!
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One reviewer (A.K.M.B.) assessed the risk of bias of
the included studies. A second reviewer (V.H.M.)
assessed 10% of the studies as a quality check and,
where there was difference of opinion, the articles were
discussed in detail and a consensus was reached.

The Grading of Recommendations Assessment,
Development, and Evaluation (GRADE)** assessment
was used to evaluate the certainty of evidence of all out-
comes included in meta-analyses. The GRADE assess-
ment began with the assumption of high-quality
evidence and was then downgraded based on risk of
bias, inconsistency, indirectness, and imprecision.
GRADE publication bias was only assessed if there were
more than 5 articles included in the meta-analysis. The
GRADE assessment was carried out by 1 reviewer (A.K.
M.B.) and checked by a second reviewer (V.H.M.).

Data preparation

Mean values and SDs of the potential biomarkers at
baseline and post-intervention were extracted from
each study. When IQR was reported, authors were con-
tacted to provide values for the mean and SD. Where
mean and SD values could not be obtained, studies were
excluded from the meta-analyses. For those studies
reporting the SE mean or 95% CI, the SD was calculated
using the Cochrane RevMan Calculator (RevMan
Calculator; Cochrane Training accessed in August
2023).%

For comparability, the units were standardized
across studies as follows: plasma/serum zinc concentra-
tion units were standardized to pumol/L; urinary zinc
units were standardized to either mmol/mol creatinine,
pumol/day, or umol/L; and fasting insulin units were
standardized to uIU/mL (conversions were made using
the online calculator https://unitslab.com; accessed
March 2023°%); fasting blood glucose units were stand-
ardized to mg/dL (conversions were made using the
online calculator https://www.diabetes.co.uk/blood-
sugar-converter.html, accessed July 2023°°). Where
plasma/serum zinc concentrations were corrected for
inflammation, the corrected values were used in the
meta-analyses.

For studies that had more than 1 intervention
group with different zinc doses, both groups were
included in the meta-analyses separately and data from
the control group were divided into 2 to avoid double-
counting as per Cochrane recommendations.*®

Statistical analysis
A random-effects model (DerSimonian-Laird method-

ology) was used to calculate the mean difference (MD)
(or difference in means) of studies with similar

outcomes to estimate the effect of daily zinc intake on
the potential biomarkers. Since it was not possible to
standardize the units for erythrocyte superoxide dismu-
tase (SOD), the standardized MD (SMD) was used to
estimate the effect of zinc supplementation. Where pos-
sible, subgroup analyses were conducted according to
sex, population, dose, and supplementation type.
Additionally, where possible, RCTs and uncontrolled
before-and-after studies were analyzed independently.
The before-and-after studies meta-analyses also
included the intervention groups of the RCTs. The cal-
culations and the forest plots were conducted using the
“METAN” command for continuous data in STATA
version 16 (StataCorp, College Station, TX, USA). In all
analyses, the level indicating statistical significance was
set at P <.05.

Usefulness of biomarker assessment

To assess the effectiveness of a biomarker reflecting a
change in zinc intake, the same criteria from the origi-
nal review'' were followed. To be considered an effec-
tive or noneffective biomarker, all criteria had to be
met, as shown in Table 2.

Heterogeneity and certainty assessment

Between-study heterogeneity was determined using chi-
square, Cochran’s Q test, I’ statistic,”” and a visual
inspection of the forest plots. A chi-square P-value less
than .1 was considered to show significant heterogene-
ity. Heterogeneity was rated in accordance with the
Higgins et al”’ classification approach for low (25%),
moderate (50%), and high (75%) heterogeneity. The
possible existence of publication bias was checked by
funnel plots that were generated by plotting the effect
sizes against the precision for each study. Additionally,
using the “META BIAS” command, Egger’s test was
also performed to evaluate possible publication bias for
the analyses of the impact of zinc on the potential bio-
markers where more than 10 studies were included.”®
Visual inspection of the forest plots and Galbraith plots
was used to identify potential outlier studies, which may
contribute to the heterogeneity of the meta-analyses.
Certainty assessment was conducted through a leave-
one-out sensitivity analysis to ensure that the overall
effect size was not dependent on any single study.

RESULTS

Description of studies

The flow diagram for this review is shown in Figure 1.
From the 2007-2022 search, a total of 12 149 titles and
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Table 2. Criteria to Assess Usefulness of a Biomarker Reflecting a Change in Zinc Intake

Conditions

Usefulness

Effective biomarker (a)
(b)
(]

Ineffective biomarker (a)
(b)
(]
(

Unclear evidence

Statistical difference within the forest plot (95% Cl did not include 0 or P < .05)
>3 trials contributing data

>50 participants contributing data in the intervention arm, control, or both
Lack of statistical difference within the forest plot (95% Cl included 0 or P> .05)
>3 trials contributing data

>50 participants contributing data in the intervention arm, control, or both

d) Comparable study results (ie, acceptable heterogeneity levels so that I <50%)
Does not meet all the conditions for an effective or ineffective biomarker

Identification of new studies via databases and registers }

Records removed before screening:
Duplicate records removed after
automatic de-duplication (n=5,189)
Duplicate records removed after manual
de-duplication (n= 1,148)

Records excluded manually during title and
abstract screening (n =11,777)

Reports not retrieved: 122
Clinical trial register (n=51); Conference abstract
(n=38): Full text not found (n=14); duplicated article:

(n=13); erratum (n=3); correspondence/comment
(n=2); Persian language (n=1)

Reports excluded: 196

Not healthy population (n=44); supplement type not
stated (n=29); Do not report biomarker of Zn at
baseline and after supplementation (n=37); duplicated

study with duplicated results (n=15); intervention where
effect of Zn cannot be isolated (n=14); no Zn
supplement given (n=10); biofortification (n=6); other
form of Zn (Zn lactate, chloride, oxide, aspartate and
carnosine) (n=13); supplementation below two weeks
(n=5); protocol with no results (n=4); not original study

(n=13); self-reported Zn supplements (n=2);
participants recently used mineral or vitamin

[ Previous studies J [
Studies included in previous Records identified from Medline,
5 version of review (n = 46%) Embase and Cochrane as of August >
4 2022:
!é Reports of studies included Registers (n =18,486")
H in previous version of review
= (n=46) l
= s Records screened (n=12,149°) [
Reports sought for retrieval (n =372) |,
|
g Records excluded:
@n Intervention where Reports assessed for eligibility (n =250)
effect of Zn
cannot be isolated l
(n=1)
New studies included in review
— (n=50)
s Reports of new included studies
(n=154)
: l
E
E Total studies included in review
»| 1=95)
" | Reports of total included studies
(n=99)
—

supplements (n=2); case report (n=1); not a human
study (n=1)

Figure 1. PRISMA-2020 Flow Diagram of the Search Procedure. “The original review'' reported 48 studies in 46 articles. After reviewing

articles, we noted that 2 articles?*°

presented data from studies already included in the review,

3132 yasulting in a total of 46 studies in 46

articles. POf which n = 14020 resulted from a search of September 2020, n = 2585 from a search of September 2021, and n= 1881 from a
search of July 2022. “Of which n=9101 resulted from a search of September 2020, n= 1710 from a search of September 2021, and
n = 1338 from a search of July 2022. Abbreviation: PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses

abstracts were screened; of these, 372 appeared relevant
and full-text articles were sought. Of these, a total of
54 articles met the inclusion criteria and were included
in the review. Some studies were reported on more than
1 article; thus, the final number of studies included
from this search was 50.

From the 46 studies included in the original
review,"' 1 study’® was excluded from the updated
review since the effect of zinc supplementation could
not be isolated from the intervention. One study®* from
the original review'' was not included in the updated

Nutrition Reviews® Vol. 00(0):1-23

meta-analysis since there were no new data for erythro-
cyte metallothionein and the study did not report any
other biomarkers for zinc. Data from all the remaining
44 articles in the original review were included in the
updated meta-analyses.

A combined total of 95 studies from 99 articles
were included in this review. A summary of the charac-
teristics of the included studies is presented in Table 3.

Study participants included adults

(T’l _ 6].) 29,30,32,34,36,37,39-42,51,54,55,58-61,65,68-70,72-75,78,80
- b

,81,83-85,87,89-98,100-102,105-107,109,110,112,113,116,119,121,122,
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125-127 . 13,35,
children and adolescents (n=18),
38,43,48,49,53,56,63,66,71,72,77,82,86,114,120,124 T
elderly individuals

infants (n —_ 5),47,52,64,79,88
) 105,117,126
b

45,50,57,67,76,103,104,111,115
(n=9),

pregnancy and lactating women (n=3 and
postmenopausal women (n = 3).>*>'% A total of n=25
studies included data from
fernales, 2:48:51:39:60.62.67,69,77,80,81,84,85,93-97,105,108,116-118,

125,126 .
n=26 studies from males,
55,58,63,66,68,70,87,89-92,98,102,103,106,110,112,113,119,123

30,32,34,40,49,54,

and
n =48 studies from both males and females. Studies pro-

vided zinc supplementation in the form of zinc sulfate
(1 = 49),1335:37-3942,43.47.48,51-53,55,56,58,61-64,67.70-74,76 78,
- >
81-83,86,85,93,96,99,105,107,108,111,114,117,118,120,122-124,126 . - -
29-32,34,36,41,45,46,49,59,60,65,66,68,75,79,80,84,
gluconate (n = 36),

85,91,92,94,97,98,100,101,103,104,109,110,112,113,121,125,127 and zinc
acetate (n=4).">"""">"% One study provided both zinc
acetate and gluconate.''® Supplementation ranged from
0.09 mg Zn/day to 150 mg Zn/day of elemental zinc, with
a minimum duration of 1.8 weeks and a maximum dura-
tion of 104.2weeks. Twelve studies*®**340%87:8209
102103.106.119 b resented data on the effect of depletion on
potential biomarkers of zinc, and of these only 1 study>*

was identified in the updated search.

Quality of included studies

We were unable to obtain the full texts of 2 articles that
were included in the original review,”** and although
their data could be included in the meta-analyses, we
were unable to conduct quality and risk-of-bias assess-
ments on them. Overall, the Cochrane RoB2 and
ROBINS-I assessment criteria found that 48% of the 96
articles were at high risk of bias. Of the 64 included
RCTs, 23% were assessed to have high risk of bias, with
the main contributor being the randomization process.
Of the 32 nonrandomized studies of interventions
(NRS), 100% of studies had a high risk of bias, with the
main contributors being confounding and participant
selection.”’ For the articles included in the meta-
analysis (55 RCTs and 30 NRS), the GRADE certainty
of evidence assessment ranged from very low to high
quality. The primary categories for downgrading the
certainty of evidence were risk of bias, inconsistency,
and imprecision.”* The risk-of-bias and GRADE assess-
ment can be found in Information S2 and is discussed
with the associated meta-analysis below.

Biomarkers identified

The original review'" identified 32 potential biomarkers
of zinc and new data were identified in the updated
search for 6 of these (plasma/serum zinc, urinary zing,
hair zinc, nail zinc, plasma alkaline phosphatase, plasma
extracellular SOD). Forty additional potential
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biomarkers of zinc were identified in the updated
search. In total, 13 biomarkers had sufficient data (>2
studies) to be included in a meta-analysis. A summary
of these, including the number of studies, participants,
and the results of the primary analyses, is presented in
Table 4. For those biomarkers that did not have suffi-
cient data to be included in a meta-analysis, a descrip-
tive summary is presented in Information S3.

Plasma/serum zinc concentration. The most frequently
investigated biomarker of zinc status was plasma/serum
zinc concentration. Of the 95 articles that included data
on plasma/serum zinc concentration, 52 were found in
the updated search and 43 were identified in the origi-
nal review. Data from 14
articles2930:38:45,47,49,56,78,81,85,97, 110,118,121 14 o o 1o
included in the meta-analyses and reasons for exclusion
are given in Table 2. Thus, a total of 82 studies (from 81
articles) were included in the meta-analyses, 41 from
the original review and 41 from the updated review.

Forty-six =~ studies  were  parallel  controlled
trials 13:31:32:35,39,42,43,48,50-52,55,58,59,64,66,68,71,72,75
b

»77,79,80,82-84,88,93,94,96,99,100,104,105,109,111-115,117,122-124,

126,12 . ,46,70,1
6127 4 were crossover parallel trials,>”4%7%197 and 32

. 36,37,40,44,53,54,57,60-62,65,67,
were before-and-after studies.
69,73,74,76,86,87,89-92,95,98,101-103,106,116,119,120,125

Analysis of controlled trials. Pooled data from the con-
trolled trial studies, including 4316 participants,
revealed an overall significant effect of zinc intake on
plasma/serum zinc concentration (MD: 2.17 umol/L;
95% CI: 1.73-2.61), yet with high heterogeneity between
studies (I°=98%) (Table4). Subgroup analyses were
performed by population, sex, serum/plasma zinc con-
centration at baseline, supplementation dose, and study
design (RCTs vs non-RCTs). A summary of the sub-
group analyses is presented in Table5. A forest plot of
the effect of zinc supplementation on plasma/serum
zinc in the controlled trial studies by dose is presented
in Figure 2.

As shown in Table 5, overall subgroup analyses of
the controlled trials showed that zinc supplementation
had a significant effect on plasma/serum zinc concen-
tration in infants, children and adolescents, adults, eld-
erly individuals, and in populations with a low or
normal zinc status at baseline. Most had high levels of
heterogeneity (P >75%), except for elderly (P =30%)
and male (I° = 0%) populations where heterogeneity
was moderate and low, respectively. Pooled data from 3
studies of pregnant and lactating women'®>''7!%¢
showed no significant effect of zinc supplementation
(MD: 1.30; 95% CI: -0.09, 2.70; I = 99.5%). Only 1
study” reported data from postmenopausal women, but
the effect of zinc supplementation on plasma/serum
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Table 4. Subgroup Analysis of the Results of the Meta-analysis of the Effect of Zinc Supplementation or Depletion on Potential

Biomarkers of Zinc Status

Biomarker

No. of Mean effect P P, % Appears
studies? (95% CI) effective as
(no. of a biomarker?*

participants®)

Serum zinc concentration (controlled trials), Lmol/L
Serum zinc (before/after measurements), pmol/L
Urinary zinc, mmol/mol creatinine

Urinary zinc, pmol/L

Urinary zinc, pmol/d

Alkaline phosphatase (ALP), U/L

Hair zinc, png/g

Nail zinc, pg/g

Serum superoxide dismutase activity (SOD), U/mL
Exchangeable zinc pool (EZP), mg

Erythrocyte superoxide dismutase activity (€SOD1)%, U/g Hb
Fasting blood glucose (FBG), mg/dL

Fasting insulin (FINS), plU/mL

Insulin resistance (HOMA-IR)

Interleukin-6 (IL-6), pg/mL

Insulin-like growth factor 1 (IGF-1), pg/L
Brain-derived neurotrophic factor (BDNF), ng/mL
Total antioxidant capacity (TAC), pmol/L

48 (4316) 2.17 (1.73, 2.61) <.005 97.8 Yes

80 (2985) 2.87 (2.5, 3.30) <.005 98.1 Yes
4 (476) 0.39 (0.17, 0.62) <.005 81.2 Yes
4 (87) 2.88 (-1.55,7.31) 202  95.8 Unclear
6 (101) 3.09 (0.16, 6.02) 039 943 Yes
7 (581) 3.88 (0.43, 7.33) 028 37 No
4 (381) 7.52 (-0.94, 15.99) .082 70.8 Unclear
2(228) 10.47 (-12.09, 33.03) 363 80.8 Unclear
2(92) 0.42 (-0.71, 1.55) 465 0 Unclear
2(112) 14.44 (9.43, 19.44) <.005 0 Unclear
3(416) 0.30 (-0.26, 0.85) 299 80.47 Unclear
5(226) —0.68 (-4.56, 3.19) 731 60.7 Unclear
3(99) —2.02 (-3.01, -1.03) <.005 0 Unclear
3(99) —0.08 (-0.69, 0.54) 802 789 Unclear
2 (115) —0.64 (-1.18,-0.10) .021 0 Unclear
2(176) 3.16 (-49.60, 55.91) 907 36.1 Unclear
2(103) 2.79 (-3.23, 8.80) 364 89.9 Unclear
2 (109) 116.96 (25.46, 208.45) 012 86.6 Unclear

Abbreviation: HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.

#Studies may have included >1 comparator.

Number of participants at the end of the intervention. Participants from before-and-after observations are only considered once—

that is, at the end of the intervention.

“See Table 2 for criteria to assess usefulness of a biomarker reflecting a change in zinc intake.

4Values from standardized mean difference.

zinc was significant (MD: 4.64; 95% CI: 3.93-5.35; P =
not available).

Similarly, subgroup analysis by dose in the form of
zinc sulfate or zinc gluconate, and in amounts of 3-
100 mg/day of elemental zinc, revealed a significant
effect on plasma/serum zinc, but with high heterogene-
ity (P >75%). For studies providing zinc acetate, at
doses of less than 3 mg/day and 101-152 mg/day of ele-
mental zinc, the overall effect remains unclear as fewer
than 3 trials contributed to the subgroup analyses.
Finally, pooled data from RCTs only showed a signifi-
cant effect of zinc supplementation on plasma/serum
zinc, but heterogeneity remained high (MD: 1.97; 95%
CL: 1.54-2.39; P =97.6%). Data from the 3 non-
RCTs””**” showed no significant effect of zinc supple-
mentation on plasma/serum zinc, with high heterogene-
ity between studies (MD: 5.41; 95% CI: -2.42, 13.23; I’
= 95.7%).

Analysis of before-and-after data. Eighty studies were
included in the meta-analyses, including before-and-
after studies and controlled trials for which baseline
data were available. A summary of the subgroup analy-
ses is presented in Table 5.

The results of the analyses were consistent with
those of the controlled trials. For the depletion studies,
only before-and-after data were available. Two

Nutrition Reviews® Vol. 00(0):1-23

studies®”** provided total zinc intakes of less than 3 mg

Zn/day and 9 studies*®**>*%8»90102106.119 brqvided
total zinc intakes of 3 to 5mg Zn/day. Intakes of less
than 3 mg Zn/day were not significant (MD: 3.85; 95%
CI: -5.65, 13.36; I° =98.4%), whereas depletion intakes
of 3 to 5mg zinc per day were statistically significant
(MD: 1.43; 95% CI: 0.27-2.58; I’ =87.8%). However,
heterogeneity between studies remained high. Figure 3
presents a forest plot of the effect of zinc supplementa-
tion/depletion in serum/plasma zinc in before-and-after
data by dose.

Following visual inspection of the forest plots and
Galbraith plots we completed an exercise of leave-one-
out sensitivity analysis. After completing this exercise,
heterogeneity between the studies remained high (I
>75%) and there was no impact on the overall effect;
therefore, all studies were retained. The GRADE
quality-of-evidence assessment for serum/plasma zinc
ranged from very low to high (Information S2).

Urinary zinc excretion. A total of 20 articles
reported urinary zinc data.”””
32,46,49,51,54,60,63,66,84,85,87,95,97,98,106, 115,119~ 1o g o
als and before-and-after trials were combined for meta-
analyses as there were insufficient studies to warrant
separate analyses. Data from 6 articles®?**%%9798
were not included in the meta-analyses. Studies that

1
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Treatment Control

Dose and Author, year (group) Description ~ Weeks N Mean (SD) N Mean (SD)
Supplementation 1 19 2.9 mgd Zn

Gillsan et al. (2013)72 1mg/d Zn 1239 14.56 (2.53)40 13.46 (2.31)
Kasebal (2013)52 1 mg/d Zn 16 48 11.86 (2.45)47 11.73 (2.27)
Subgroup, 7 87

(1 =44.4%, p 0.180)

Supplementation 3 to 15 mg/d Zn

Ba Lo etal. (2011 6 mg/d Zn 21 33 10.72(1.58)32 9.68 (1.64)
Wessells et al. (2010123 10 mg/d Zn 317 12,98 (1.36) 10 11.67 (1.94)
Wessells et al. (2012) (tablet)'2* 5 mg/d Zn 3149 12.31 (067150 9.66 (0.
Berger et al. (20154 9 mg/d Zn 475 13.80 (2.94) 72 12.30 (3.09)
Gomes Dantas Lopes et al. (2015)"" 10 mg/d Zn 12 31 1644 (1.70)31 16.22 (1.91)
Yosaee et al. (2020)127 4mg/d Zn 12 24 1178(7.23)22 869 (2.20)
Yosaee et al. (2019) (Zinc + Vitamin D VS Vitamin D only)27 4mg/d Zn 12 25 19.56 (5.91)27 8.96 (203)
Bodgen et al. (1988) 50 15mgld Zn 12 36 16.80 (3.50) 18 12.50 (2.00)
Surono et al. (2014)11¢ 8 mg/d Zn 129 12 1146 (261) 12 10.23 (1.45)
Surono et al. (2014) (Zn + Probiotic VS Probiotic only)!1¢ 8mgidzn 129 12 11.32(250)12 11.39(197)
Islam et al. (2022)79 10 mgld Zn 24 52 14.14(044)55 1127 (0.34)
Long et al. (2022)%8 10mg/d Zn 24 53 14.60(3.38)52 1134 (2.48)
Brown et al. (2007)°2 3mg/d Zn 26 80 1251(239)91 1158 (2.16)
Abdollahi et al. (20195 5 mg/d Zn 26 272 1223 (2.02B08 12.63 (2.72)
Hiniger-Favier et al. (2007)31 15 mgld Zn 26 126 14.00 (2.60)65 13.00 (1.70)
Fahmida et al. (2007)6 10mgdzn 261 25 19.15(1.55)34 1530 (0.75)
WesseHs etal 2021)s 7 mg/d Zn 36 134 10.05 (2831130 8.30 (1.68)
Subgrou 1156 121

250, p 0.000)

Supplementation 16 to 25 mg/d Zn

Wessells et al. (2010)123 20 mg/d Zn 3 16 13.49(0.88) 9 11.67(1.94)
Bogale et al. (2015)51 20 mg/d Zn 33 24 11.25(1.22)23 10.97 (153)
Mazaheri Nia et al. (2021)%% 25mgld Zn 6 57 14.02(270)55 9.38 (0.43)
Palin et al. (1979) 23mg/d Zn 8 7 13.98(5.93)10 13.76 (1.96)
Fernandes de Oliveira et al. (2009)% 22 mg/d Zn 12 21 18.70(3.50)26 16.90 (2.10)
Rohmawati et al. (2021)05 20 mg/d Zn 12 35 9.04(132)36 7.65(1.32)
Heckmann et al. (2005)75 20 mg/d Zn 12 24 1247 (3.00)26 11.01(1.56)
Tamura etal. (1996)17 25mg/d Zn 1770 910(0.17)65 8.73(0.16)
Hunt et al. (1985)77 20 mg/d Zn 19 56 9.68(141)47 9.14(1.25)
Yelda and ibehiem (2010)128 22mg/d Zn 24 50 11.56(0.37)50 9.40 (0.60)
Subgroup, DI 360 347

(I = 98.0%, p 0.000)

Supplementation 26 to 50 mg/d Zn

Sullivan et al. (1998113 50 mg/d Zn 2 11 14.50(0.60) 11 13.00 (0.30)
Sullivan and Cousins (1997112 50 mgld Zn 210 15.00(243)10 1230 (243)
Payahoo et al. (2013)100 30 mg/d Zn 430 11.33(352)30 7.00(2.60)
Swanson et al. (1988)11s 30 mg/D Zn 417 1650 (2.47)17 12.90 (1.65)
Barrie et al. (1987)% 50 mg/d Zn 4 15 8.35(0.58) 15 8.39(1.17)
Fischer et al. (1984)5¢ 50 mg/d Zn 6 13 18.35(5.50) 13 15.14 (0.83)
Kim et al. (2014)% 30 mg/d Zn 8 20 14.90(1.80)20 14.10 (1.60)
Anhmadi et al. (2020) 50 mg/d Zn 8 40 13.69(1.87)40 13.31(1.87)
Crouse etal. (1984 (Endurance-traned) * 50 mgld Zn 8 11 23.85(6.60) 10 2156 (5.20)
Crouse et al. (1984 (Sedentary)) % 50 mg/d Zn 8 12 26.45(7.65)11 2339 (5.20)
Mesdaghinia et al. (2019)%4 30 mg/d Zn 10 26 12.22(1.30)26 10.84 (1.09)
Mujica-Coopman et al. (2015)% 30 mg/d Zn 12 26 17.03(3.23)28 14.16 (3.33)
Solat et (2015)05 30 mgld Zn 12 22 1545(4.36)24 13.29 (0.87)
Jafari et al. (2020)e0 30 mg/d Zn 12 27 16.88(2.62)30 13.56 (2.21)
Black et al. (1988)2 50 mgld Zn 12 13 1550 (1.62) 5 13.50 (1.05)
Ayatollahi et al. (2022)2 50 mg/d Zn 1340 1364 (1.22)40 13.26 (1.30)
Khorsandi et al. (2019)83 30 mg/d Zn 15 18 1153 (1.25)22 10.42 (1.53)
Hiniger-Favier et al. (2007)31 30 mg/d Zn 26 131 15.10 (3.60)65 13.00 (1.70)
Prasad et al. (2007)104 45 mg/d Zn 52 24 1590 (2.55)25 13.53 (148)
Stur e‘ al (1996)111 45 mg/d 104 38 16.62 (4.02)42 13.04 (156)
Subgre 544 484

p, DL
= 793°/ p =0.000)

Supplementation 5110 100 mg/d Zn

Demetree et al. (1980) 100 mg/d Zn 3 5 14.07(627) 5 8.10(275)
DiSilvestro et al. 12015) 60 mgld Zn 6 10 13.76(4.59) 10 12.23 (4.59)
Black et al. (1988)32 75 mgld Zn 12 9 18.10(4.05) 4 1350 (1.05)
Bodgen et al. (1988)50 100 mg/d Zn 12 32 16.80(3.50) 18 12,50 (2.00)
Subgroup, DL 6 37

(" =0.0%, p = 0.548)

Supplementation 101 to 151 mg/d Zn

Abdulla and Svensson, (1679) (Study 97 135 mg/d Zn 127 27.40(150) 5 1520 (1.00)
Welsmannela\ (1977y22 135 mg/d Zn 12 13 18.15(4.49) 12 15.39 (2.12)
Subgro 0 17

up, DI
"= 973/up 0.000)

Heterogeneity between groups: p = 0.000
Oerall, DL 2223 2093
(I* = 97.8%, p = 0.000)

Effect %
(95% CI) Weight

111(0.04,2.17) 4675
I 0.13(-0.82,1.08) 5325
. 0.58 (-0.37, 1.54) 100.00

—— | 1.04(0.26,1.82) 657
1.31(-0.06,2.68) 541
265(249,2.80) 7.31

9,231) 6.93
3,

03, 11.97) 4.31
(2.49,5.55) 9.61
1.76,7.44) 1927
2.78,5.82) 66.82
(2.92,5.41) 100.00

12.20 (10.78, 13.620.79
276 (0.04,5.48) 49.21

e — 7 55 (.70, 16.80}00.00
1

218 (1.74,2.61)

I

5

Intervention lower

Intervention higher

Figure 2. Forest Plot of Controlled Trials Assessing Effect of Zinc Supplementation on Serum Zinc, Subgroup Analysis by Dose. The figure
indicates the degree of heterogeneity between the studies, /%, and the significance of this heterogeneity indicated by the P-value; the effect
size with 95% Cl and the overall effect estimate (DL) are shown. Abbreviation: DL, diamond line

were excluded and reasons for exclusion are presented
in Table 3.

A total of 14 studies were included in the meta-
analyses, 9 studies’*>*¢-0%-879> 106115119 41 the origi-
nal review'' and 5 studies®">*%>°%* from the updated
search. Six studies®****7?>!1>11% reported urinary zinc
measured as pmol/day, 4 studies®2%°%%¢ a5 mmol/mol
creatinine, and 4 studies*®"®*'% as pmol/L. The
results of the analyses for each unit reported are pre-
sented in Table 4, and the meta-analyses of zinc supple-
mentation/depletion on urinary zinc (pmol/d, mmol/
mol creatinine, and pmol/L) by subgroup are presented
in Table 6.

Zinc supplementation/depletion had a significant
effect on urinary zinc measured as pmol/day (MD: 3.09;
95% CIL: 0.16-6.02; I°=94.3%) (Table4), and can be
considered an effective biomarker of zinc intake accord-
ing to the previously described criteria (Table2).
However, heterogeneity was high, and data were only

Nutrition Reviews® Vol. 00(0):1-23

available for adults and in 1
populations.''

The subgroup analysis by sex showed a significant
effect of zinc supplementation/depletion on males but
not on females. Three studies®**”''* reported the effect
of depletion on urinary zinc (pmol/day), and 3 studies
reported the effect of zinc supplementation on urinary
zinc (umol/day). In 1 study, zinc supplementation was

provided in the form of zinc sulfate,'"* 1 study in the

study of elderly

form of zinc gluconate,** and 1 study provided zinc
supplementation in the form of zinc acetate.''” Results
from the depletion studies showed a significant effect of
depletion on urinary zinc (umol/day), yet heterogeneity
was high (MD: 2.98; 95% CI: -0.48, 6.43; F=92.1%).
Zinc supplementation (given as zinc gluconate) had
a significant effect on urinary zinc measured as mmol/
mol creatinine (Table4) (MD: 0.39; 95% CI: 0.17-0.62;
IF=81.2%) and can be considered an effective bio-
marker of zinc intake according to the previously
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Figure 3. Forest Plot of the Effect of Zinc Supplementation/Depletion in Serum/Plasma Zinc in Before-and-After Data by Dose. The figure
indicates the degree of heterogeneity between the studies, /%, and the significance of this heterogeneity indicated by the P-value; the effect
size with 95% Cl and the overall effect estimate (DL) are shown. *Before and after data from RCT studies. Abbreviation: DL, diamond line
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described criteria (Table2). Of these studies, only 1
study® included children and adolescents. As shown in
Table 5, results of the subgroup analysis on the effect of
zinc supplementation in adults showed a significant
effect of zinc supplementation, with low heterogeneity
between studies (MD: 0.25; 95% CI: 0.13-0.37;
P =26.5%).

Four studies measured the effect of zinc supple-

mentation/depletion on urinary zinc measured as pmol/
L.4&316319 Analysis of the pooled data did not reveal a
significant effect of zinc intake on urinary zinc, with
high heterogeneity of the data between studies (Table 4).
From the studies measuring urinary zinc as pmol/L, 1
study assessed the effect of depletion on urinary zinc,'*
1 study provided supplementation in the form of zinc
gluconate,*® and 2 studies provided supplementation in
the form of zinc sulfate.”* Only 1 study® was in chil-
dren and adolescents and 3 studies were conducted in
adults.*>*>"'%® As shown in Table 5, the subgroup analy-
sis in the adult population was statistically significant,
without significant heterogeneity (I°=0%). The
GRADE quality-of-evidence assessment for urinary zinc
ranged from very low to high (Information S2).
Alkaline phosphatase. A total of 7 studies®"**>%8>87:9>118
reported data on alkaline phosphatase, of which 1 study
was identified in the updated search.®*> Analysis of the
pooled data suggests that alkaline phosphatase is not an
effective biomarker of zinc intake (MD: 3.88; 95% CI:
0.43-7.33; I =37%). Subgroup analyses showed no sig-
nificant effect of zinc intake on alkaline phosphatase
activity when stratified by sex, dosage, or micronutrient
type (Information S2). The GRADE quality-of-evidence
assessment for alkaline phosphatase ranged from very
low to low (Information S2).

Hair and nail zinc concentration. Of the 4 studies
included in the original review, 3 studies’>**'*®
assessed hair zinc and 1 study'®®
additional study was retrieved in the updated search'’
that reported both hair and nail zinc data, expressed as

geometric means. Because the author was able to pro-

assessed nail zinc. One

vide arithmetic mean values the data were combined
with that of the original review. Pooled analysis of hair
zinc concentration resulted in a significant mean effect
of 7.52 pug/g (95% CI: -0.94, 15.99; I =71%, P=.016)
and pooled analysis of nail zinc concentration resulted
in a significant effect 10.47 pg/g (95% CI: -12.09, 33.03;
I’ =80.8%; P=.023) (Table4). However, neither hair
nor nail zinc concentration met the criteria for an effec-
tive biomarker (Table2). The GRADE quality-of-
evidence assessment for both hair and nail zinc was
very low (Information S2).

16

Serum and erythrocyte SOD. Three articles reported
serum SOD,%>71!8 but 1 article” was excluded from
the meta-analysis as it repeated data reported by Kim
and Lee.®” Of the remaining 2 articles, 1 article was con-
ducted in an adult population® and 1 with pregnant
women.''® Analysis of the pooled data revealed that
zinc supplementation did not have a significant effect
on serum SOD, and the effectiveness of serum SOD as a
biomarker of zinc status remains unclear given the lack
of trials contributing data (Table 4).

Three studies reported the effect of zinc supple-
mentation on erythrocyte SOD.>">*''° Since it was not
possible to combine units reported (U/mg hemoglobin
[Hb], U/mL packed cells, U/g Hb), effect measures were
calculated as SMDs. As shown in Table 4, zinc supple-
mentation did not appear to have a significant effect on
erythrocyte SOD, yet the effectiveness of erythrocyte
SOD as a biomarker remains unclear, as heterogeneity
between studies was high. The GRADE quality-of-
evidence assessment for both serum and erythrocyte
SOD was very low (Information S2).

Fasting blood glucose. Five studies**>"**'% included
data on the effect of zinc supplementation on fasting
blood glucose (mg/dL). All 5 studies administered zinc
doses between 22 and 30 mg Zn/day for a period of 4 to
52 weeks in the form of zinc gluconate. As shown in
Table 4, zinc supplementation did not have a significant
effect on fasting blood glucose. However, it is interest-
ing to note that subgroup analysis by dose (Figure4)
revealed a trend towards a reduction in fasting blood
glucose with duration of the intervention. The GRADE
quality-of-evidence assessment for fasting glucose was
very low (Information S2).

Fasting insulin. Four studies®*>*"** reported fasting
insulin levels (uIU/mL). Data from 1 study83 were not
included in meta-analysis as they were presented as geo-
metric means. All included studies were conducted in
adults. As shown in Table 4, the meta-analysis suggests a
significant effect of zinc supplementation on fasting insu-
lin (-2.02; -3.01, -1.02; I = 0%), with minimal heteroge-
neity. However, caution is needed when interpreting
these results due to the small sample size and high publi-
cation bias. The GRADE quality-of-evidence assessment
for fasting insulin was very low (Information S2).

Insulin resistance (Homeostatic Model Assessment of
Insulin Resistance). Four studies®*%>°"** included data
on insulin resistance. One study was not included in the
meta-analysis because the data were presented as geo-
metric means.*> As shown in Table 4, meta-analysis of
the included studies suggested that zinc supplementa-
tion did not have a significant effect on insulin

Nutrition Reviews® Vol. 00(0):1-23
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Treatment Control Effect %

Dose and Author, year Study Characteristics Weeks N Mean (SD) N Mean (SD) (95% CI) Weight
Supplementation 16 to 25 mg/d Zn
Marques et al. (2011) ¢! B/A, 22 mg Zn/d 43 7 7570(10.70) 7  77.10(11.20) -1.40 (-12.87, 10.07) 8.60
Subgroup, DL 7 7 <‘_f'> -1.40 (-12.87,10.07)  8.60
(”=0.0%,p=") }

1
Supplementation 26 to 50 mg/d Zn :
Payahoo et al. (2013)100 RCT, 30 mg Zn/d group VS Placebo 4 30 94.90(13.00) 30  90.00 (4.00) | 4.90 (0.03,9.77) 22.54
Kim et al. (2012) RCT, 30 mg Zn/d group VS Placebo 8 20  89.80(8.10) 20  88.60 (6.30) - 1.20 (-3.30, 5.70) 23.78
Mesdaghinia et al. (2019)%  RCT, 30 mg Zn/d group VS Placebo 10 26  88.60(6.50) 26  92.10(8.10) . -3.50 (-7.49, 0.49) 25.51
Attia et al. (2022)"' RCT, 30 mg Zn/d group VS Placebo 52 30 100.60 (12.20) 37 106.00 (11.90) 540 (-11.21,041)  19.58
Subgroup, DL 106 13 I -0.62 (-4.98, 3.74) 91.40
(?=70.5%, p=0.017) !

1
Heterogeneity between groups: p = 0.901 :
Overall, DL 113 120 <> -0.68 (-4.56, 3.19) 100.00
(1 =60.7%, p = 0.037)

T T T T
-15 -7 0 7 15

Intervention lower Intervention higher

Figure 4. Forest Plot of the Effect of Zinc Supplementation in Fasting Glucose (mg/dL) by Dose. The figure indicates the degree of heteroge-
neity between the studies, /2, and the significance of this heterogeneity indicated by the P-value; the effect size with 95% Cl and the overall
effect estimate (DL) are shown. Abbreviations: B/A, before-and-after study; DL, diamond line; RCT, randomized controlled trial

resistance, and heterogeneity between studies was high.
The GRADE quality-of-evidence assessment for insulin
resistance (Homeostatic Model Assessment of Insulin
Resistance [HOMA-IR]) was very low (Information S2).
Interleukin-6. Three articles*>®*” that measured the
effect of zinc supplementation on interleukin-6 (IL-6)
were identified. Data from 1 article” were excluded as
they duplicated data reported by Kim and Ahn.** As
shown in Table 4, it remains unclear if IL-6 is a potential
biomarker of zinc intake. Although there was a statisti-
cally significant impact of zinc supplementation on IL-6
(MD: -0.64; 95% CI: -1.18, -0.10; > = 0%), there was a
lack of available studies. The GRADE quality-of-
evidence assessment for IL-6 was low (Information S2).

Insulin-like growth factor 1. Three studies reported the
effect of zinc supplementation on insulin-like growth
factor 1 (IGF-1).*®**% Data from 1 study38 were
excluded from the meta-analysis since the intake of
0.0925 mg elemental zinc per day was considered too
low to be considered a supplementation study. The 2
studies included in the meta-analysis provided zinc sul-
fate to children and adolescents, with doses of 9 mg/
day*® and 50 mg/day™ of elemental zinc, respectively,
and pooled analysis found no statistically significant
effect of zinc supplementation on IGF-1 (Table4).
Given the small number of studies it is unclear whether
IGF-1 is an effective biomarker of zinc intake. The
GRADE quality-of-evidence assessment for IGF-1 was
very low (Information S2).

Brain-derived  neurotrophic  factor. Three studies
reported brain-derived neurotrophic factor (BDNEF),
but only data from 2 studies®”'% were included in the
meta-analysis since 1 study'®’ reported values reported
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as mean change. As shown in Table 4, the effect of zinc
supplementation was not statistically significant. It
remains unclear whether BDNF is an effective bio-
marker of zinc due to the paucity of data. The GRADE
quality-of-evidence assessment for BDNF was very low
(Information S2).

Total antioxidant capacity. The effect of zinc supple-
mentation on total antioxidant capacity (TAC) was
reported in 3 studies.*>**''° Zinc supplementation had
a statistically significant effect on TAC (MD: 116.96;
95% CI: 25.46-208.45); however, heterogeneity was
high (PP =86.6%) (Table4). Therefore, it is unclear if
TAC is an effective biomarker. The GRADE quality-of-
evidence assessment for TAC was very low
(Information S2).

Other biomarkers. The original review reported a single
study®” that measured the exchangeable zinc pool (EZP)
in response to changes in zinc intake. The updated
review process retrieved 1 additional study®® that met
the inclusion criteria. Combining these data resulted in
a significant response to zinc intake (Table 4); however,
the limited number of studies meant that this could not
be confirmed as an effective biomarker.

The original review reported 7 studies that assessed
erythrocyte zinc concentration (umol/L). The updated
search identified 1 additional study providing additional
erythrocyte zinc data,”® but the values could not be
combined as data were expressed as mmol/g Hb and
thus no new meta-analysis was conducted. Results from
the original review suggested that erythrocyte zinc does
not appear to be an effective biomarker. In terms of
new potential biomarkers, 2 studies reported data on
arachidonic acid (ARA),”>''* 2 studies reported on
DNA fragmentation,sl’110 2 studies reported on total
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body zinc clearance (CZn),%*12° and 2 studies reported

on gene expression of ZnT1.>""” In 1 study measuring
CZn'*° and 1 study measuring ARA®? it was not possi-
ble to obtain the values as means and SDs; therefore, it
was not possible to complete these analyses. Moreover,
it was not possible to harmonize the units for the studies
assessing DNA fragmentation®"''” and gene expression
of ZnT1°"?’; therefore, these were also not included in
the meta-analyses. Results from the studies assessing
DNA fragmentation and total body zinc clearance
showed that these biomarkers responded to changes in
zinc intake. Results from 1 study assessing ARA showed
that zinc supplementation did not affect the levels of
ARA, whereas the other showed that ARA levels were
not affected by a zinc supplement being taken with or
without food. For gene expression, zinc supplementa-
tion did not change ZnTI mRNA abundance in 1
study,”’ whereas zinc supplementation led to an
increase in the expression of ZnT1.%”

Other potential biomarkers that appeared to
respond to changes in zinc intake but were only
reported in single studies were as follows: erythrocyte
osmotic fragility (%),%° gene expression of Zip4,”' gene
expression of Zip8,”' gene expression of ZnTI1,”'
kinetics parameters of a venous zinc tolerance test,*®
plasma conjugated dienes (nmol g’ total lipid),*®
plasma Zn:Cu ratio,” secretory phospholipase,*> serum
retinol,”® and expression of Znt5.”” A summary of these
biomarkers is presented in Information S3.

DISCUSSION

Summary of main findings

The original EURRECA search protocol to review
methods of assessment of zinc status in humans was re-
run to include studies published between January 2007
and September 2022. The updated search identified 50
additional studies from 54 articles that provided new
data for 7 of the 32 original biomarkers identified—
namely, plasma/serum zinc concentration, urinary zinc
excretion, hair and nail zinc concentration, alkaline
phosphatase activity, and SOD activity. In addition, 48
potential new biomarkers were identified, 13 of which
had sufficient data for inclusion in meta-analyses. All
but 1 of the studies identified in the updated search
were zinc supplementation trials, and 1 was a depletion
trial.>* There has been a notable increase in the number
of studies being conducted in adolescents, which was
previously an under-investigated population group.
Plasma/serum zinc concentration continues to be
the most frequently reported biomarker for zinc and is
the only zinc biomarker for which there are widely
accepted cutoff values for deficiency that are used
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clinically to indicate deficiency in individuals.® The
addition of new data increased the number of partici-
pants from 1454 (all study types combined) to 4316 in
controlled trials and 2985 in before-and-after trials
(Table 5). Findings from both sets of trials concurred
with the original review, in that there was an overall sig-
nificant response of plasma/serum zinc concentration
to dietary zinc intake in infants, children and adoles-
cents, adults, elderly people, men, women, and those
with low and moderate/normal status at baseline.
Importantly, this update clarifies the evidence for the
plasma/serum zinc response to dietary zinc supplemen-
tation in children and adolescents, which was a limita-
tion in the original review due to a lack of data in this
age group. The updated review included data from 1789
and 1202 children and adolescents from controlled and
before-and-after studies, respectively, compared with
data from only 17 participants in the original review.
However, for other population groups, including preg-
nant, lactating, and postmenopausal women, subgroup
analysis was unable to provide further clarity on the
usefulness of plasma/serum zinc concentration as a bio-
marker, which is somewhat in contrast to the original
review,'! which combined controlled and before-and-
after studies and reported a significant response of
plasma/serum zinc concentration to dietary zinc intake
in pregnant and lactating women (MD: 0.37; 95% CI:
0.32-0.43). Much discussion and controversy surrounds
plasma zinc as a biomarker of zinc status, not least
because it represents less than 0.1% of total body zinc
and must be interpreted carefully in light of the known
confounders described earlier. However, zinc isotope
studies confirm that it is an important component of
the mobilizable (or exchangeable) zinc pool,® and thus
continues to be the biomarker of choice for assessment
of individual as well as population zinc status. The origi-
nal review included measurement of the EZP as 1 of the
identified biomarkers. At that time, only 1 study com-
prising 5 participants met the inclusion criteria. Our
updated search identified 1 further study that measured
the EZP in infants.*® Combining the 2 studies in the
meta-analysis showed a significant effect of zinc intake
on the size of the EZP; however, the small number of
included studies meant that it did not meet our thresh-
old criteria for confirming efficacy as a biomarker.
Urinary zinc excretion was reported in 5 additional
articles,”">***%*%* which were combined with the 9
studies®»?> 4000879106 15119 4y the  original meta-
analysis. The overall effect of zinc supplementation on
urinary zinc excretion was significant when expressed
as pmol/day and mmol/mol creatinine, and in adult
populations when expressed as pumol/L. This agrees
with, and adds new evidence to, the original review,
where only studies that reported urinary zinc excretion
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expressed as mmol/mol creatinine could be pooled.
Despite the inclusion of additional studies, subgroup
analyses were limited and could not provide further
clarity on the use of urinary zinc concentration in dif-
ferent population groups.

The updated search identified 1 study that provided
data for both hair and nail zinc concentrations. When
these were combined with the 3 studies reporting hair
zinc concentration and 1 study reporting nail zinc con-
centration from the original review, both resulted in a
significant response to dietary zinc intake. They failed,
however, to meet the criteria (Table2) for an effective
biomarker, and their usefulness remains unclear.

For plasma alkaline phosphatase activity, 1 addi-
tional study was added to those found in the original
review. The combined analysis concurred with the orig-
inal review that this is not an effective biomarker of zinc
status. For SOD activity, after the addition of new
plasma and erythrocyte data, the usefulness of this as a
biomarker of zinc intake remains unclear.

In terms of the potential new biomarkers identified
by the updated search, 7 had sufficient data to allow
meta-analyses. None, however, met the criteria for an
effective biomarker of zinc status (Table2), either
because there were fewer trials reporting the biomarker
(IGF-1, IL-6, BDNF, TAC) or there were fewer than 50
participants in each arm of the study (HOMA-IR, fast-
ing insulin).

Other biomarkers

An extensive list of potential biomarkers is presented in
Information S3 for which there were insufficient data to
allow for meta-analyses, but nevertheless warrant dis-
cussion. The outcome measures were selected as poten-
tial biomarkers because there was evidence from the
literature of a plausible mechanistic link to zinc status.
Recent studies suggest that the activity of zinc-
dependent enzymes involved in fatty acid metabolism,
such as the fatty acid desaturases (FADS1 and FADS2),
may be sensitive to changes in dietary zinc intake, thus
impacting the ratio of fatty acid metabolites circulating
in the blood, such as the dihomo-y-linolenic acid
(DGLA) to y-linolenic acid (GLA) molar ratios.'*® DNA
fragmentation, an indicator of DNA damage measured
using the comet assay, has also been explored as a bio-
marker for zinc intake due to the role of zinc as an anti-
oxidant (eg, as a cofactor for copper/zinc SOD), thus
protecting DNA from free radical damage. In addition,
zinc plays a role in transcription and replication of
DNA through zinc finger proteins and as a cofactor for
proteins involved in DNA repair.'*

Glucose metabolism also has a mechanistic link to
zinc status through the role of zinc in insulin storage
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and release. Recent reviews suggest that indices of glu-
cose metabolism (glycated hemoglobin [HbAlc],
HOMA-IR, fasting glucose) may improve following zinc
supplementation  in  diabetic = or  prediabetic
patients.'**"?!

Strengths and limitations

To enable data from the updated search to be merged
with the dataset from the original review, we adhered to
the original search protocol and inclusion/exclusion cri-
teria set out by the EURRECA consortium."” A limita-
tion is that this did not allow for the inclusion of studies
that used a food-based vehicle for increasing dietary
zinc intake (fortification or biofortification), of which
there has been a rapid increase in recent years.
Similarly, the chemical formulation of the zinc supple-
ment was restricted to sulfate, citrate, and acetate, which
were deemed the most easily absorbed by the
EURRECA consortium. Other zinc formulations, such
as zinc gluconate and citrate,'*” are also frequently used
in human trials and may provide useful additional bio-
marker data. As we found in the original review, the
heterogeneity between the studies was generally very
high, which is a common phenomenon in the meta-
analysis of human nutrition studies. This impacts the
risk-of-bias scores, such that, for most of the bio-
markers, there is a high level of uncertainty in the
findings.

A strength of this review is that it builds directly on
the original EURRECA review, following the same
search protocol and inclusion/exclusion criteria, thus
allowing data from the original review to be combined
with new data identified in the updated search. In addi-
tion, we were able to undertake a more rigorous risk-of-
bias analysis with the tools that have become available
since 2007. Methodologically, we have adhered closely
to the original meta-analysis techniques but have been
informed by recent advances and recommendations for
best practice when pooling data from different study
designs. To that end, we separated controlled trials
(RCTs, quasi-controlled trials, non-RCTs) from before-
and-after studies. In addition, we were able to extract
baseline and endline data from participants in the con-
trolled trials where baseline data were presented and
included these with the data from before-and-after stud-
ies, thus enabling a larger dataset for pooled analyses.

Implications for future research

This systematic review and meta-analysis, alongside the
original review undertaken over a decade ago, reveals
that, although there is a plethora of plausible new poten-
tial indicators of zinc status, we are still a long way from
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confirming their reliability and sensitivity and more
high-quality studies are needed before threshold values
for status identification purposes can be established.
Plasma/serum zinc concentration remains the most
widely used biomarker despite the well-documented
caveats' and cutoff values for identification of deficiency
status have been established.® More efforts to develop
algorithms to mitigate these caveats, such as those sug-
gested for introducing corrections for the impact of
concurrent inflammation on plasma/serum zinc levels,
are warranted.'” Ultimately, acknowledging that zinc is
a type 2 nutrient, and thus deficiency presents a variety
of nonspecific clinical and subclinical consequences, it
is likely that a statistical model that includes 3 or more
biomarkers in combination is needed to yield a robust
and reliable means to assess zinc status and monitor the
impact of changes in zinc intake. A concept described
as the “zinc status index” was developed using data
from an animal model, and combines fatty acid ratios
with the mRNA expression of zinc-related proteins and
gut microbiome profiling."** Future research aimed at
exploring this concept using data from human studies
may move things forward significantly in the next
decade.

CONCLUSION

In this updated review, additional data for 7 of the 32
previously reported biomarkers were identified in addi-
tion to 40 new putative biomarkers from studies pub-
lished since 2007. Plasma/serum zinc concentration
remained the most frequently used biomarker to assess
zinc status, responding to changes in zinc intake in
studies of healthy infants, children and adolescents,
adults, and elderly individuals or when taken in the
form of zinc sulfate or gluconate. Yet, evidence gaps
persist in identifying its usefulness in specific popula-
tions, such as pregnant, lactating, and postmenopausal
women, as well as when supplements are provided in
the form of zinc acetate. Urinary zinc excretion also
responded to changes in zinc intake; however, the small
number of additional studies identified from the
updated search limited further insight of its applicability
across different demographic groups and supplementa-
tion types and doses. Hair and nail zinc, serum SOD
activity, erythrocyte SOD activity, EZP, fasting blood
glucose, fasting insulin, insulin resistance, IL-6, IGF-1,
BDNF, and TAC were included in the meta-analyses to
assess their usefulness as potential biomarkers. While
some biomarkers exhibited a statistically significant
response to dietary zinc intake (ie, fasting insulin, IL-6,
EZP, and TAC), they did not meet the criteria for an
effective biomarker, and therefore their usefulness
remains unclear. Further high-quality evidence is
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required to explore novel biomarkers to assess zinc sta-
tus in diverse populations.
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