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Abstract 

Zinc and several physiologically relevant ligands of the aryl hydrocarbon receptor (AHR) are nutrients that promote intestinal barrier function. We have 

identified that AHR activation upregulates the expression of zinc importers in the intestinal epithelium to increase intracellular zinc concentrations, which 

leads to improved epithelial barrier function. Here, we investigated if an amino acid chelate of zinc, in cooperation with AHR activation, can improve the 

barrier function of a differentiated Caco-2 cell epithelium. Functional assays of the Caco-2 cell epithelium demonstrate that both ZnSO4 and a lysine and 

glutamic acid chelate of Zn, in combination with the physiological AHR agonist 6-formylindolo[3,2-b]carbazole (FICZ), increase expression of tight junction 

proteins at the mRNA and protein levels. FICZ increases uptake of zinc into the epithelium in the presence of ZnSO4 or the amino acid Zn chelate in the 

medium to equal extents. We conclude that the lysine and glutamic acid chelate of Zn is as efficacious as ZnSO4 in reducing permeability of the Caco-2 cell 

epithelium in the presence of FICZ. The results suggest that dietary supplementation with bioavailable forms of zinc together with nutritional AHR agonists 

may be beneficial in improving gut barrier function and help prevent inflammatory bowel disease (IBD). 

© 2025 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

The main functions of the intestinal epithelium barrier are to

selectively allow the passage of nutrients while separating the in-

testinal epithelial cells from other gut contents, thereby protecting

against attacks from pathogenic bacteria, fungi, viruses, antigens,

and other harmful agents [ 1–3 ]. 

Both the aryl hydrocarbon receptor (AHR) and zinc play roles

in maintaining the integrity of the intestinal epithelium. The AHR

is a nuclear receptor belonging to the basic helix–loop–helix-

PER-ARNT-SIM ((bHLH–PAS)) family of transcription factors [ 4 ].

Nutritional agonists of AHR, including indoles and tryptophan

metabolites, are mainly found in cruciferous vegetables, such as

broccoli [ 5 ]. 

AHR signalling is important for the immune system. AHR

activation can recruit immune cells to the intestine, aiding in

immune regulation and reducing inflammation, such as through

IL-10 gene expression [ 6–8 ]. AHR is also essential for the survival
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and function of certain immune cell populations, including type

3 innate lymphoid cells, T helper 17 cells, and double-positive

CD4 + CD8 αα+ intraepithelial lymphocytes [ 7–12 ]. Conditions like

IBD are exacerbated in mice where AHR signalling is lost [ 11 , 13 , 14 ].

AHR also aids the intestinal barrier function independent of the

immune system [ 13,14 ]. Activation of AHR with indole-3-carbinol

increased the expression of mucin (MUC2) in mice small intestinal

organoids and the number of goblet cells in vivo [ 15 , 16 ]. Goblet

cells play a crucial role in gut barrier function by providing the

mucous layer [ 17 ]. Besides its role in the regulation of both in-

nate and adaptive immune responses [ 18 ], zinc can regulate the

gut epithelial barrier by promoting formation of tight junctions

[ 19 ]. This may explain why zinc supplementation is widely used

to prevent diarrhoea in children as well as in farm animals [ 20 ].

A recent study showed that upon activation by the endogenously

produced AHR agonist, 6-formylindolo[3,2-b]carbazole (FICZ), AHR

transcriptionally stimulates expression of several zinc importers

of the SLC39 family members to increase zinc influx resulting in

downstream enhancement of tight junction (TJ) protein abundance

[ 14 ]. 

Zinc participates in the regulation of virtually every aspect

of biology, including fertilization, cell division, differentiation,
der the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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growth, immunity, retinal epithelium function, and cognition [ 19–

22 ]. However, most studies on such roles of zinc are based on in-

organic zinc salts such as ZnSO4 rather than zinc chelates, which

are becoming increasingly popular as zinc supplements. ProPath R ©
Zn is an amino acid chelate of zinc containing lysine and glutamic

acid, each binding with a separate zinc ion. It has been approved

as a safe and efficacious zinc source for animals [ 23–25 ]. In this

study, we assessed the ability of ProPath R © Zn to promote barrier

function of a Caco-2 cell epithelium in the presence of FICZ. 

2. Materials and methods 

2.1. Zinc sources 

ZnSO4 · 7H2 O was from Sigma-Aldrich (Z0251). ProPath R ©Zn,

and ProPath R © amino acids were provided by Zinpro R ©. ProPath R ©
Zn comprises a 1:1 molar combination of zinc DL-lysine (Zn-

C6 H14 N2 O2 ) and zinc DL-glutamate (Zn-C5 H8 NO4 Na), and the

ProPath R © amino acids (Lys-HCl-MSG · H2 O) consists of DL-lysine

(C6 H14 N2 O2 ) and DL-glutamate (C5 H8 NO4 Na) with 1 to 1 molar ra-

tio. Total zinc contents of both compounds were confirmed with

Inductively coupled plasma mass spectrometry (ICP-MS) (see 4.10

below). 

2.2. Cell line and culture 

Human epithelial colorectal adenocarcinoma adherent Caco-2

cells, generously provided by Prof. Paul Sharp of King’s College

London, were cultured in Minimum Essential Medium Eagle (MEM,

Cat: M4655-500ML, Merck). The culture medium, MEM, was sup-

plemented with 10% v/v nonheated fetal bovine serum (FBS, Cat:

F7524-500ML, Merck), 1% v/v 100 × MEM non-essential amino

acid solution (Merck), 1% v/v 250 µg/mL Amphotericin B (Merck),

and 1% v/v 100 units/ml penicillin (Merck). The cells were main-

tained at 37 °C in a humidified atmosphere of 95% air and 5% CO2 .

Cells from passages 25–31 were utilized, and passaging was per-

formed by treatments with 1 × 0.25% trypsin-EDTA (Fisher Scien-

tific) after washing by phosphate buffered saline (PBS) with pas-

sage intervals of 4 days. The cells were grown in the inserts of

a 24-well plate for more than 2 weeks. Upon reaching a trans-

epithelial electrical resistance (TEER) exceeding 400 Ω × cm2 , the

cells underwent differentiation, exhibiting characteristics akin to

enterocytes of the small intestine, as previously described [ 26–29 ].

The protocol reproducibly generates a differentiated epithelium

as evidenced by an increase in villin protein and Divalent Metal

Transporter-1 (DMT1) protein and mRNA expression (markers of

enterocyte differentiation), and a decrease in transferrin recep-

tor protein (indicative of decreased cell proliferation) [ 29 ]. These

changes in gene and protein expression were accompanied by an

increase in iron absorption, which is only observed in mature ente-

rocytes, adding to the weight of evidence for the functional differ-

entiation and maturation of the cells to express an enterocyte-like

phenotype [ 29 ]. 

2.3. RNA extraction 

TRIzol Reagent (Cat: 15596026, Thermo Fisher Scientific) was

employed for the extraction of total RNA, with subsequent treat-

ment using DNase I (Cat: 10229144, Fisher Scientific) to eliminate

any residual DNA. The purified RNA was obtained either by em-

ploying RNAClean XP Beads (Cat: A63987, Beckman Coulter), or uti-

lizing the RNAdvance Tissue RNA Isolation kit (Cat: A32649, Beck-

man Coulter). Following extraction, the RNA samples were then

assessed for purity and quantity using a Nanodrop ND-10 0 0 mi-

crolitre spectrophotometer. 
2.4. cDNA synthesis 

cDNA synthesis was prepared from the total RNA of cells using

High-Capacity RNA-to-cDNA Kit (Cat: 10400745, Fisher Scientific)

supplemented with 1 U RNase Inhibitor (Cat: 10615995, Fisher Sci-

entific). 

2.5. Quantitative real-time PCR (qPCR) 

qPCR assays were designed using the online Universal Probe

Library (UPL) assay design tool ( https://lifescience.roche.com/en_

gb/brands/universal-probe-library.html#assay-design-center ). PCR

plates (both 96-well plates and 386-well plates) were loaded using

the Biomek FX liquid handling robot (Beckman Coulter) and the

reactions [10 ng cDNA, 0.1 µM UPL probe, 0.2 µM forward primer,

0.2 µM reverse primer and 5 µL Luna R © Universal Probe qPCR Mas-

ter Mix (Cat: M3004E, New England Biolabs)] were amplified us-

ing the Prism7900HT sequence detection system (Applied Biosys-

tems) and analyzed using sequence detection systems v2.4 soft-

ware. Regarding the cells treated with FICZ only, gene expression

values were normalized to glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH) as housekeeping gene. Sequences of the primers are

the following. 

GAPDH, F: AGCCACATCGCTCAGACAC, R: GCCCAATACGAC-

CAAATCC probe: #60. Claudin-3 (CLD-3), F: AACCTGCATGGACTGT-

GAAA, R: GGTCAAGTATTGGCGGTCAC, probe: #50. Occludin (OCLN),

F: AGGAACCGAGAGCCAGG, R: TTGAGCAATGCCCTTTAGCTT, probe:

#84. Zona occludence-1 (ZO-1), F: TGCATGATGATCGTCTGTCC, R:

AAGTGTGTCTACTGTCCGTGCTAT, probe:#01. 

Relative expression was calculated using the ��CT method as

follows: 

Relative expression: % relative expression = 100 ∗(2−��CT ) 

Where: ��CT = �Ct (Target sample) – �Ct (Calibrator sample)

And: �CT = Ct (Target gene) – Ct (Housekeeping gene) 

2.6. Protein extraction 

Total protein was extracted using Radioimmunoprecipitation

Assay (RIPA) Buffer Lysis and Extraction Buffer (Cat: 89900, Thermo

Fisher Scientific). Cells were washed with cold PBS and incubated

with RIPA buffer on ice for 30 min. Following this, cells were col-

lected and centrifuged for 10 min at 14,0 0 0xg at 4 °C, after which

the protein lysate was aspirated. 

2.7. Bradford and BCA assays 

Protein concentrations were determined using either Bradford

or Bicinchoninic Acid (BCA) assays. Samples in RIPA buffer were

diluted 1:50 with Bradford Reagent (Cat: 50 0 0205 Bio-Rad) or BCA

(Cat: 23227 Thermo Fisher Scientific) in a 96-microtiter plate in

triplicate. Absorbance was measured at wavelength 595 nm (refer-

ence: 450 nm) using a microplate reader and compared to a stan-

dard curve generated from dilutions of a known Bovine Serum Al-

bumin (BSA) (Bio-Rad or Thermo Fisher Scientific) standard (0.125,

0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mg/mL). 

2.8. Western blotting 

Protein lysates were prepared in 4x Laemmli Sample Buffer

(Cat: 1610747 Bio-Rad) with 10% 2-mercaptoethanol (Cat: M6250,

Sigma-Aldrich Co Ltd) and boiled (5-10 min, 95 °C). Lysates (30

µg) were separated on 8%, 10%, or 12% self-made sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins

https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-design-center
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Fig. 1. FICZ and two different zinc compounds improve the trans-epithelial electrical resistance. ( A ) Caco-2 cells were grown to an epithelium in a Transwell R © system. ( B ) TEER 

across Caco-2 cell epithelium kept in media with 0 or 8 µM ZnSO4 and/or 100 nM FICZ. ( C ) TEER across Caco-2 cell epithelium kept in media with 0 or 8 µM ProPath R © Zn 

and/or 100 nM FICZ. ‘Amino Acids’ is the amino acid component of ProPath without the zinc added. ( D ) Comparison of TEER across Caco-2 cell epithelium kept in media with 

either with 100 nM FICZ in combination with 8 µM ZnSO4 or ProPath R © Zn. Statistical analysis of the data was performed using two-way ANOVA followed by either Tukey’s 

multiple comparison tests. Data are means ± SEM from three independent experiments ( n = 3) with results from the experimental repeats shown. Significant differences 

between treatments are indicated by the P -values. Panel A was generated using Biorender. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

were transferred onto nitrocellulose membranes [Cat: 1060 0 0 02,

GE Healthcare Life Sciences] at 100 V for 1 h, employing transfer

buffer (25 mM Tris, 192 mM glycine, 10% methanol). After elec-

trophoresis, membranes were blocked by incubation in 5% (w/v)

bovine serum albumin (BSA)/Tris-buffered saline [TBS (50 mM Tris-

HCl pH 7.5, 150 mM NaCl)] and 0.05% (v/v) TWEEN-20 [TBST

(1 h, RT)]. Membranes were incubated with primary antibodies

diluted in 5% BSA/TBST (20 h, 4 °C), followed by horseradish per-

oxidase (HRP)-linked secondary antibodies diluted in 5% BSA/TBST

(1 h, RT). Zona occludence-1 (ZO-1) rabbit antibody (Cell Signalling

Technology, 13663) was diluted at a ratio of 1:800 for its applica-

tion in the experiment. Membranes were washed three times with

TBST between each step. Membranes were treated with enhanced

chemiluminescence (ECL) Western Blotting Detection Reagent (Cat:

RPN2106 GE Healthcare Life Sciences) and visualised on X-ray film

(GE Healthcare Life Sciences) using a film imager. 

2.9. Membrane stripping 

Immunoblots were washed with TBST, with each wash lasting

5 min. Subsequently, the membranes were incubated in stripping
buffer (Cat: 21059, Thermo Fisher) for 18 min at room temperature,

followed by an additional wash with TBST for 10 min at 21 °C. To

prepare for subsequent antibody incubation, the membranes were

blocked with 5% (v/v) BSA/TBST (1 h). This process was carried out

before proceeding with additional steps as outlined in Section 4.8

of the Western blotting protocol. 

2.10. Total zinc determination 

Inductively coupled plasma mass spectrometry (ICP-MS) was

used for determining the total zinc content of both the two sources

of zinc and Caco-2 cells. The two sources of zinc were dissolved

in Milli Q-water to achieve a concentration of 1 mg/mL. Cells or

chemicals were lysed in 1 mL 50m M Suprapur NaOH (VWR In-

ternational) for 2 h. Samples were diluted with 400 µL trace ele-

ment grade 65-69% nitric acid (Merck) and 100 µL H2 O2 (Merck),

before digestion with lid overnight at 60 °C, then samples were di-

luted by adding 6 mL Milli Q-water. The zinc concentrations de-

termined through ICP-MS was carried out using a NexIon 350 D

(Perkin Elmer) mass spectrometer in the London Metallomics Fa-
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Fig. 2. Both FICZ and two different zinc compounds reduce the permeability of the Caco-2 epithelium. ( A ) Caco-2 cells were grown to an epithelium in a Transwell R © system. 

At the start of the experiment, the medium in the apical compartment was replaced with MEM containing FITC-dextran 40 0 0 (Merck) together with ( B ) 0 or 8 µM ZnSO4 ( C ) 

or ProPath R © Zn and/or 100 nM FICZ. ‘Amino Acids’ is the amino acid component of ProPath without the zinc added. Permeability was measured by sampling the medium in 

the basal compartment and measurement of FITC fluorescence over 24 h. ( D ) Comparison of the permeability across Caco-2 cell epithelium kept in media with 8 µM ZnSO4 or 

ProPath R © Zn and/or 100 nM FICZ. Statistical analysis of the data was performed using two-way ANOVA ( B and C ) or one-way ANOVA ( D ) followed by either Tukey’s multiple 

comparison tests. Data are means ± SEM from three independent experiments ( n = 3) with results from the experimental repeats shown. Significant differences between 

treatments are indicated by the P-values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cility. As for cells, the total zinc content was normalized to protein

content which was measured by BCA assays (see 4.7). 

2.11. Cytosolic free Zn2 + quantification 

After incubation with 1 µM FluoZin-3AM for 15–30 min at

room temperature, cells were washed and incubated in Hepes-

buffered Hanks’ balanced salt solution (HHBSS) for another 15 min

at 21 °C before readings were taken. Fluorescence was measured

with 492 nm excitation and 517 nm emission in a fluorescence

plate reader (F). 5 µM pyrithione together with 20 µM ZnCl2 were

used to treat cells for 15 min to obtain the maximum fluorescence

reading (Fmax), and 100 µM N, N, N’, N’-tetrakis (2-pyridylmethyl)

ethylenediamine (TPEN) for 15 min for the minimum fluorescence

reading (F min ). Concentration of free intracellular free Zn2 + was

calculated using the following equation: 

[Zn2 + ] = K ∗ (F-Fmin )/(Fmax -F). 
d 
where Kd is the zinc dissociation constant of the probe (8.9 nM)

(ThermoFisher Scientific). 

2.12. The transepithelial electricity resistance measurement & 

permeability assay 

Caco-2 cells (1 × 105 ) were grown on 0.336 cm2 Transwell in-

serts (Cat: 655090, Greiner Bio-One Ltd). Transepithelial electrical

resistance (TEER) was monitored daily using an epithelial tissue

volt ohmmeter (EVOMX) with STX-2 chopsticks (World Precision

Instruments). TEER measurements were calculated in ohms∗cm2

after subtracting the blank value for the membrane insert. The

same inserts were employed for intestinal permeability assays. Flu-

orescein isothiocyanate (FITC)-dextran 40 0 0 (Merck), 30 0 µL of

1 mg/mL solution was put in the apical compartment and 500 µL

of the phenol red-free MEM (Cat: M3024, Merck). At 4, 8, 12, and

24 h, 100 µL of basolateral medium was collected for measurement

by fluorometry (excitation, 475 nm: emission, 530 nm). After each
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Fig. 3. FICZ treatment increases the total zinc content and intracellular free Zn2 + concentrations. ( A ) Total zinc content (measured by ICP-MS and normalised to protein 

content) or ( B ) free intracellular Zn2 + concentrations (measured with FluoZin-3AM probe) in Caco-2 cells following incubation with media containing 0 or 8 µM ZnSO4 or 

ProPath R © Zn and/or 100 nM FICZ for 24 h. “Amino Acids” is the amino acid component of ProPath without the zinc added Statistical analysis of the data was performed using 

two-way ANOVA followed by either Tukey’s multiple comparison tests. Data are means ± SEM from three independent experiments ( n = 3) with results from the experimental 

repeats shown. Significant differences between treatments are indicated by the P -values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

collection, 100 µL of fresh medium was added to replace the re-

moved volume. Serial dilutions of FITC-dextran in medium were

used to calculate a standard curve. 

3. Results 

Trans-epithelial electrical resistance (TEER) is widely used to

evaluate barrier function of in vitro epithelia [ 30 ]. Caco-2 cells

were seeded on the inserts to mimic the gut barrier ( Figure 1 A),

and TEER was measured after 24 h of treatment. FICZ is a high-

affinity AHR agonist with a Kd value of 0.07 nM [ 31 ]. However,

other studies which made use of 500 nM FICZ, also saw the FICZ-

AHR pathway attenuate the inflammation response and modu-

late the cell growth homeostasis in the rat [ 32 , 33 ], meaning that

500 nM FICZ protects. In the present study, we treated Caco-2 cells

with 100 nM FICZ. We found previously that a much lower concen-

tration of 10 nM has qualitatively the same effect on Caco-2 ep-

ithelial permeability but 100 nM produces a more robust response

[ 14 ]. We tested the effects of FICZ in presence or absence of 8 µM

zinc [ 14 , 34 ], which was the zinc concentration in the complete cell

culture medium (with FBS) (8.04 ± 0.13 µM, N = 3). 

In the presence of 8 µM ZnSO4 or 100 nM FICZ, TEER was

higher compared to the un-supplemented control ( Figure 1 B). No-

tably, the highest TEER was observed in the conditions where addi-

tion of 100 nM FICZ was combined with 8 µM zinc either as ZnSO4

( Figure 1 B) or ProPath R © Zn ( Figure 1 C) with no difference in effi-

cacy between the two zinc sources ( Figure 1 D). FICZ in combina-

tion with the amino acid component of ProPath (2.8 µM DL-lysine

and 2.8 µM DL-glutamate) without the zinc also increased TEER,

but to a smaller extent than in the presence of 8 µM ProPath R ©
Zn ( Figure 1 C). However, the amino acid component of ProPath R ©
alone had a small but significant effect on TEER ( Figure 1 C). 

Permeability of the epithelium was assessed using fluorescent

FITC-Dextran 4 K (FD-4) with the Transwell R © system [ 35 ]. Caco-2

cells were seeded on the insert with FD-4 in the apical chamber,

and FITC fluorescence in the medium from the basement cham-

ber was measured using a microplate reader ( Figure 2 A). In the

absence of treatment with FICZ and/or zinc, the FD-4 influx was

about 0.9 ng/cm/min ( Figures 2 B and C). Treatment with 8 µM
ZnSO4 or 100 nM FICZ slightly reduced FD-4 influx compared with

the control ( Figure 2 B). However, the combination of 8 µM ZnSO4 

and 100 nM FICZ had a substantial positive effect in attenuating

the increase of FD-4 influx, reducing it to about half of that of

the control ( Figure 2 B). Addition of the amino acid mixture with

the same composition as that in ProPath R © Zn did not affect FD-4

permeability ( Figure 2 C). Addition of either 8 µM ProPath R © Zn or

with FICZ together with the amino acid components of ProPath R ©
but without zinc had a small but significant ability to reduce per-

meability ( Figure 2 C). In contrast, a combination treatment with

8 µM ProPath R © Zn and 100 nM FICZ reduced FD-4 permeability

substantially ( Figure 2 C). The efficacies of the two sources of zinc,

ProPath R © Zn and ZnSO4 , in reducing transepithelial permeability

in the presence of FICZ were almost identical ( Figure 2 D). 

Treatment with either 8 µM ZnSO4 or 8 µM ProPath R © Zn in

combination with 100 nM FICZ increased the total cellular zinc

content compared with the controls (untreated and amino acids

without added zinc) and compared with zinc only treatment from

either source ( Figure 3 A). This observation is consistent with our

recent findings that activation of AHR with FICZ increases expres-

sion of zinc importers in Caco-2 cells [ 12 ]. There was no signifi-

cant difference in the total zinc content between the ZnSO4 and

ProPath R © Zn treatments ( Figure 3 A). We also measured the free

cytosolic Zn2 + concentration in Caco-2 cells and found that treat-

ment with 8 µM zinc either from ZnSO4 or ProPath R © Zn increased

cytosolic free Zn2 + concentrations ( Figure 3 B). Like with total zinc

uptake in cells, adding FICZ to the medium further increased cel-

lular free Zn2 + concentrations. However, the free Zn2 + concentra-

tions in cells treated with ProPath R © were lower than those in cells

treated with ZnSO4 ( P < .01, Figure 3 D). This difference might be

explained by an increased uptake of the two amino acids along

with zinc, increasing the cytosolic buffering capacity for Zn2 + . 
Next, we investigated if the changes in transepithelial resistance

and permeability were associated with changes in expression of

genes for proteins making up the tight junctions. As a control for

AHR activation, we measured mRNA for CYP1A1 after 24 h treat-

ment of Caco-2 cells with 100 nM FICZ or 8 µM ZnSO4 . FICZ treat-

ment resulted in strong induction of CYP1A1 , indicating that FICZ

activated AHR in our experimental system ( Figure 4 A). The pres-
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Fig. 4. Both FICZ and the two zinc compounds increase the expression of the TJ-related genes and protein. ( A ) CYP1A1 mRNA following 24 h treatment of Caco-2 cells with 

100 nM FICZ and/or 8 µM ZnSO4 indicative of AHR activation. Expression of mRNA for tight junction proteins including ( B ) ZO-1, ( C ) OCLN and ( D ) CLD-3 in Caco-2 cells 

treated with 0 or 8 µM ZnSO4 or ProPath R © Zn and/or 100 nM FICZ for 24 h. ( E ) Abundance of tight junction protein, ZO-1, as measured by western blot, in Caco-2 cells treated 

with 0 or 8 µM ZnSO4 or ProPath R © Zn and/or 100 nM FICZ for 24 h. Western blot membrane with one repeat of the experiment is shown. See supplementary material 1 

for the uncropped Western Blot. ‘Amino Acids’ is the amino acid component of ProPath without the zinc added. Statistical analysis of the data was performed using two-way 

ANOVA followed by Tukey’s multiple comparison tests. Data are means ± SEM from three independent experiments ( n = 3) with results from the experimental repeats shown. 

Significant differences between treatments are indicated by the P -values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ence or absence of 8 µM ZnSO4 did not influence CYP1A1 mRNA

expression ( Figure 4 A). Caco-2 cells were treated with 8 µM ZnSO4

or ProPath R © Zn with or without FICZ and mRNA for ZO-1, OCLN ,

and CLD- 3 was measured along with protein levels of ZO-1. Treat-

ment with FICZ in combination with either ZnSO4 or ProPath R © Zn

increased mRNA levels of ZO-1, OLCN , and CLD- 3 ( Figure 4 B, C, and

D; Supplementary Material 1). Interestingly, the amino acid com-

ponent of ProPath R © Zn (without added zinc) also significantly in-

creased the expression of these three genes when given to the cells

in combination with FICZ ( Figure 4 B, C, and D). ProPath R © Zn com-

bined with FICZ only showed a significant increase compared with

the amino acids and FICZ treatment for CLD-3 . In the case of ZO-1

protein abundance, both sources of zinc in combination with FICZ

exhibited a significant increase ( Figure 4 E). 

4. Discussion 

There is a strong interest in zinc chelates (sometimes referred

to as “organic zinc”) as nutritional supplements for animals and
human, and some studies have indicated that amino acid chelates

of zinc are better absorbed than inorganic forms [ 36–38 ]. In their

assessment of the efficacy and safety of ProPath R © Zn for use in an-

imal feeds, the European Food Safety Authority (EFSA) concluded

that the additive can satisfy the zinc requirement of chicken and

they extended that conclusion to all animal species [ 24 ]. In the

present study we found that ProPath R © Zn is absorbed as efficiently

by a human Caco-2 cell epithelium as ZnSO4 , which is generally

considered the most bioavailable inorganic zinc source. 

Glover and Hogstrand [ 25 ] found that histidine, cysteine and

taurine chelates of zinc had distinct modifying actions upon quan-

titative and qualitative zinc absorption and body distribution, com-

pared to ZnSO4 . They also found evidence for a Zn(His)2 -mediated

pathway for intestinal zinc uptake [ 39 ]. These observations suggest

that bioavailability of a zinc chelate does not necessarily mean that

it is utilized in the same way as inorganic zinc sources. We re-

cently discovered that zinc (as zinc sulfate or zinc carbonate) and

the AHR interact to reduce paracellular permeability of the intesti-

nal epithelium, thereby protecting against IBD [ 14 ]. In the present
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study we compared the efficacy of ProPath R © Zn with ZnSO4 in pro-

moting the barrier function of a Caco-2 cell epithelium and found

no difference between the two sources of zinc. Activation of AHR

was as effective in improving the effect of ProPath R © Zn on epithe-

lial permeability as it was in combination with ZnSO4 . AHR ago-

nists act on the epithelium at least in part by stimulating expres-

sion of zinc importers of the ZIP (SLC39) family [ 14 ], which medi-

ate uptake of Zn2 + ions [ 39 ]. Thus, the ability of AHR activation to

increase uptake of zinc from ProPath R © Zn and thereby improving

epithelial barrier function implies that zinc from ProPath R © Zn is

absorbed as Zn2 + . It was somewhat surprising to find that treat-

ment of Caco-2 cells with ProPath R © Zn resulted in lower intra-

cellular free Zn2 + concentrations compared with treatments with

ZnSO4 at the same concentrations. This might be explained by a

higher amino acid uptake in the ProPath R © Zn treatments, result-

ing in higher intracellular chelating capacity for zinc. Regardless of

this, ProPath R © Zn was as efficacious as ZnSO4 in stimulating ex-

pression of genes for TJ proteins. Therefore, at least in the Caco-2

intestinal epithelium model, ProPath R © Zn is utilized in the same

way as ZnSO4 . 

TJs are only one part of the barrier function of the intestine

[ 40 ]. Intestinal stem cell proliferation and differentiation can also

affect the barrier function [ 41 ]. There is evidence that zinc and

AHR activation have opposite functions in the cell proliferation

since Zn activates the β-catenin/Wnt pathway which is inhibited

by AHR [ 13,42 ]. Thus, exploring the mechanism of both Zn and

AHR in stem cell proliferation and differentiation could provide

more detailed information of their functions in the gut barrier. Be-

sides, AHR is well-studied in the mucosal immunity [ 43 ] and it

works as the gatekeeper to maintain the intestinal immune func-

tions through being activated by AHR ligands. Both depletion of

AHR and constitutive expression of the AHR target gene, Cyp1a1 ,

in mice cause the loss of AHR-dependent type 3 innate lymphoid

cells and T helper 17 cells, increasing susceptibility to enteric in-

fection [ 11 ]. Zinc is important for the immune system [ 44 ], but the

mechanisms involved are only partially known. B cells deficient in

cytosolic free Zn2 + showed elevated protein phosphatase activity

and reduced phosphorylation of downstream signalling molecules,

including SYK, PLC γ 2 and ERK, from pre-B cell and B cell recep-

tors, resulting in a block in B cell development [ 45 ]. Although not

investigated in that study it is known that Zn2 + is a potent in-

hibitor of many protein tyrosine phosphatases (PTPs) [ 46–48 ]. Us-

ing molecular dynamics simulations, metadynamics, and quantum

chemical calculations in combination with experimental investiga-

tions it was found that Zn2 + inhibits PTPs by reversibly binding

to the active site which is conserved among PTPs [ 49 ]. Also, Zn

can mediate I κB kinase activity to decrease the activation of Nu-

clear Factor Kappa B (NF κB) that serves as a pivotal mediator of

inflammatory responses [ 50 , 51 ]. Thus, understanding the interplay

between AHR activation and zinc status provides insights into the

intricate regulation of intestinal immunity. 

There are some limitations to the present study. In our previous

work [ 14 ] we were able to show in mice, human ileum organoids,

and in Caco-2 cells that the direct effects of AHR on permeability

of the intestinal epithelial layer are primarily mediated by tran-

scriptional upregulation of zinc importers of the SLC39A family,

which enhances zinc influx. The increase of free cytosolic Zn2 + in

the epithelial cells is then increasing abundance of tight junction

proteins by inhibition of the NF κß pathway resulting in their in-

creased expression, and by attenuated degradation of tight junc-

tion proteins by inhibition of calpain. In future research, it would

be beneficial to make AHR knockout Caco-2 cells to verify that the

same mechanism applies also when cells are presented with zinc

as an amino acid chelate. In the experiments of the present study,

we did not confirm differentiation of the Caco-2 cell epithelium
using differentiation markers. The protocol we used reproducibly

produces a differentiated epithelium [ 29 ] and it was therefore con-

sidered not necessary to confirm differentiation with markers such

as Divalent Metal Transporter-1 (DMT1) protein and mRNA expres-

sion although ultimately this would have been beneficial. 

5. Conclusions 

The results highlight the beneficial influence of two sources

of bioavailable zinc on gut health, particularly emphasizing the

enhancement of Caco-2 epithelium barrier function through AHR

activation using a physiologically relevant ligand, in combination

with two distinct zinc sources. The observed rise in cellular zinc

concentrations, intracellular free Zn2 + , and increased mRNA ex-

pression of tight junction proteins by AHR activation offers valu-

able insights for innovative therapeutic strategies designed to pre-

vent and potentially treat inflammatory bowel disease (IBD). Fur-

ther investigation into these mechanisms holds the potential to

pave the way for targeted interventions, ultimately improving over-

all gastrointestinal health. 
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