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3,30-Dihydroxyisorenieratene prevents UV-induced

formation of reactive oxygen species and the release

of protein-bound zinc ions in human skin fibroblasts
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3,30-Dihydroxyisorenieratene (DHIR) is a structurally unusual carotenoid exhibiting bifunc-

tional antioxidant properties. It is synthesized by Brevibacterium linens, used in dairy

industry for the production of red smear cheeses. The compound protects cellular

structures against photo-oxidative damage and inhibits the UV-dependent formation

of thymidine dimers. Here we show that DHIR prevents a UV-induced intracellular release

of zinc ions from proteins in human dermal fibroblasts. The effect is correlated with

a decreased formation of intracellular reactive oxygen species. In contrast, zinc release

from cellular proteins induced by hyperthermia is not affected by pretreatment of cells

with the antioxidant DHIR. It is suggested that the intracellular zinc release upon UV

irradiation is due to oxidative modifications of the zinc ligands in proteins (e.g. cysteine)

and that protection by DHIR is due to intracellular scavenging of reactive oxygen species

generated in photo-oxidation.
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1 Introduction

Carotenoids are natural colorants present in various fruits

and vegetables. They efficiently scavenge reactive oxygen

species (ROS) and their antioxidant activity is thought to be

responsible for photoprotective effects attributed to this

class of compounds. Human intervention studies with

b-carotene, lycopene or carotenoid-rich products have shown

that long-term intake is correlated with a decreased

UV-sensitivity of the skin as determined by UV-evoked

erythema [1, 2]. 3,30-Dihydroxyisorenieratene (DHIR) is a

carotenoid with an exceptional structure (Fig. 1), carrying

phenolic end groups that affect the geometry and physico-

chemical properties of the compound [3]. It is biosynthe-

sized from several bacteria including Brevibacterium linens,
used in dairy industry for the production of various cheeses,

such as Munster, Limburger, Brick, Tilsiter or Romadur

[4, 5]. DHIR is a major pigment and relevant for the char-

acteristic red-orange color covering the rind of such smear

cheeses. Recently it has been shown that DHIR acts as a

bifunctional antioxidant due to the presence of both a

polyenic and a phenolic substructure [6]. As a radical

scavenger the compound is superior to other dietary caro-

tenoids such as lutein, zeaxanthin or astaxanthin.

Its singlet oxygen quenching activity is typical for caro-

tenoids carrying nine conjugate double bonds in the polyene

core. Studies in model systems and in cell culture revealed

that DHIR prevents direct and indirect photo damage. In
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the presence of DHIR, hemeoxygenase-1 expression as a

measure for oxidative damage following UV exposure was

diminished. The compound prevented the formation of

thymidine dimers in human dermal fibroblasts irradiated

with UV-B light. The latter effect has been attributed to

UV-absorbing properties associated with the presence of

aromatic substituents.

Zinc is an essential mineral required for numerous

biological processes including immune function, protein

synthesis, wound healing and cell growth. Among other

tissues the skin is directly affected by zinc deficiency.

Major dietary sources of zinc are meat, poultry and

seafood [7]. Numerous zinc proteins have been character-

ized up till now and it has been proposed that about 2800

human proteins are potentially zinc-binding [8]. Among

them are the so-called zinc-finger proteins that represent

a specific type of transcription factors involved in the

regulation of gene expression probably also acting as

redox-sensitive molecular switches controlling several

crucial cellular processes [9]. Complexation of the ion in zinc

proteins is most common with either four cysteine residues

(cys4) or two cysteines and two histidines (cys2his2) as

ligands. Intracellular Zn21 levels are efficiently controlled

and are in the range of about 200 mM. Under physiological

conditions, almost all of the intracellular zinc is protein

bound and only very minor amounts occur as ‘‘free’’

zinc. However, zinc homeostasis is disturbed under pro-

oxidative conditions and the level of ‘‘free’’ zinc increases in

situations of oxidative or nitrosative stress [10]. It has been

suggested that modifications of zinc-complexing cysteine

residues results in the ejection of zinc accompanied

by a loss of protein function. However, tightly controlled

fluctuation of ‘‘free’’ zinc in the picomolar range triggers

cellular signaling pathways [11]. Recently, we demonstrated

that UV-A irradiation of cells with sublethal doses

induces a transient cytoplasmic and nuclear increase of

intracellular ‘‘free’’ zinc ions [12]. UV irradiation results

in photo-oxidative and phototoxic reactions and

UV-dependent destruction of zinc-proteins or disturbance of

the intracellular zinc homeostasis may be important in this

context.

In the present study, we investigated whether photo-

protective carotenoids are able to protect cells from

UV-dependent intracellular zinc release.

2 Materials and methods

2.1 Chemicals

DHIR and lutein were provided by Hansgeorg Ernst (BASF,

Ludwigshafen, Germany). Other chemicals were obtained

from Sigma (Deisenhofen, Germany).

2.2 Cell culture and irradiation with UV-A light

Human dermal fibroblasts CCD-1064Sk were from ATCC

(CRL-2076) and grown in DMEM without phenol red,

supplemented with 10% v/v heat inactivated fetal bovine

serum (FBS), 2 mmol/L L-glutamine (Glutamax, Invitrogen,

Karlsruhe, Germany) and penicillin/streptomycin (20 mg/

mL).

Cells were kept at 371C in a humidified atmosphere

containing 5% CO2 and used at a confluence of 80–90%. For

the experiments, medium was removed and fresh medium

without FBS was added. Cells were incubated with DHIR

and lutein (10mmol/L medium) for 24 h. Carotenoid stock

solutions (10 mmol/L) prepared in THF were diluted 1:1000

with DMEM (0% FBS); solvent controls were with THF

only.

Before irradiation, cells were washed twice with PBS,

once with Hank’s buffered saline solution (HBSS) and then

covered with HBSS. Irradiation was performed with various

doses of UV-A light (0–20 J/cm2). UV source was a dose and

temperature controlled irradiation system suitable for

culture dishes (BioSun, Vilbert Lourmat, France). Lamp

intensity was approximately 4.5 mW/cm2. Thermal stress

(hyperthermia) was induced by incubating the cells for

30 min at 431C.

Cytotoxicity was determined with the Sulforhodamine

B-assay [13]. Cells were grown in 24-well plates and

treated with DHIR or lutein. After irradiation, HBSS was

replaced by fresh DMEM and cells were postincubated

for 24 h. Absorption was registered photometrically and

values at 620 nm subtracted from those at 490 nm; evalua-

tion was in comparison to the control. Within each experi-

ment a set of four measurements was performed at

each concentration; each experiment was repeated inde-

pendently three times.

2.3 Analyses of DHIR and lutein

After 24 h of incubation with DHIR or lutein, cells were

harvested, suspended in 4 mL HBSS and snap frozen at

�801C until further processing. For analyses, cells were

destroyed by sonication. An aliquot of the obtained

suspension was centrifuged and proteins were determined

in the supernatant with the Bradford protein assay. For

HPLC, 0.5 mL of THF and 0.2 nmol of b-apo 80-carotenale

(internal standard) were added to 2.5 mL of the suspension

HO
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Figure 1. Chemical structures of Dihydroxyisorenieratene (top)

and lutein (bottom).
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and sonicated. Carotenoids were extracted with 3 mL of

n-hexane, sonicated for 5 min and vortexed. About 2 mL of

the organic layer was withdrawn and the solvent was

evaporated under a gentle stream of nitrogen. The residue

was dissolved in 200mL of mobile phase and 50mL

were injected for HPLC analyses. The HPLC system

consisted of a Merck-Hitachi L-7100 pump connected

with a Merck-Hitachi UV/Vis detector and a data registra-

tion system. Analyses was performed isocratically with

a mobile phase composed of 52% methanol, 42% ACN, 4%

water and 2% v/v/v/v propanol at a flow rate of 1 mL/min

and a reversed phase column (pKb-100, 250� 4.6 mm,

Supelco, Bellefonte, PA, USA) protected by a guard

column (4.6� 4.6 mm) with the same stationary phase.

Detection wavelength was 450 nm. Carotenoid levels were

calculated from a calibration curve and normalized

for protein content.

2.4 Determination of intracellular ROS formation

Formation of ROS was determined with 20,70-dichlorodihy-

drofluorescein diacetate as a probe [14]. The compound is

absorbed by the cells and enzymatically cleaved to yield

membrane-unpermeable 20,70-dichlorodihydrofluorescein,

which is oxidized to the fluorescent 20,70-dichlorofluorescein

(DCF). Fluorescence intensity is correlated with ROS

generation.

For the evaluation of ROS generation by fluorescence

microscopy, cells were grown on coverslip-bottomed 30 mm

Petri dishes and treated as described in Section 2.2.

Immediately after irradiation, fresh HBSS containing 1 mM

20,70-dichlorodihydrofluorescein diacetate was added and

cells were incubated for 1 h at 371C in the dark. Adjacent

coverslips were fixed in an Attafluor cell chamber (Invitro-

gen) and covered with 0.5 mL HBSS.

Images were taken with a fluorescence microscope

(Axiovert 100 TV, Zeiss, Oberkochen, Germany). Excitation

wavelength was 485 nm and emission wavelength 520 nm.

Quantitative evaluation of DCF generation was

performed in a separate set of experiments. Cells were

irradiated in HBSS on 24-well plates and directly after

irradiation medium was replaced with HBSS containing

100 mmol/L 20,70-dichlorodihydrofluorescein diacetate. Plates

were immediately placed into the spectrometer (FluoStar

Optima-Spectrometer, BMG, Offenburg, Germany) at 371C

and DCF formation was followed for 60 min at an excitation

wavelength of 485 nm and an emission wavelength of

520 nm.

2.5 Determination of intracellular ‘‘free’’ zinc ions

Zinquin ethyl ester was used as a probe for intracellular

‘‘free’’ Zn21 [15]. The lipophilic, zinc-sensitive fluorophore

penetrates cell membranes and is retained in living cells

after cleavage of the ethyl ester by cytosolic esterases.

Human dermal fibroblasts were grown on coverslip-

bottomed 30 mm Petri dishes to a confluence of

80–90% and treated as described in Section 2.2. Directly

after treatment, cells were washed once with Dulbecco’s

PBS (DPBS) and cultured with 10 mmol/L Zinquin

ethyl ester in DPBS for 20 min at 371C in the dark. Subse-

quently, cells were washed once with DPBS, glass slides

were fixed in Attafluor cell chambers and covered with

0.5 mL DPBS. Formation of fluorescent Zinquin–Zn21

complexes was imaged with a fluorescence microscope

using an excitation wavelength of 364 nm and an emission

wavelength of 485 nm.

3 Results

3.1 Cell viability and carotenoid uptake

The sulforhodamine B-assay provides a measure for

cell viability and was applied to investigate cytotoxic

effects of UV-A irradiation in the presence or absence of

DHIR and lutein (Table 1). Compared with the unirradiated

solvent control (THF) none of the compounds was

toxic without irradiation or at UV doses of 5 or 10 J/cm2.

Exposure of cells to 20 J/cm2 decreased cell viability by

about 25%. The cytotoxic effect at the highest UV dose

was even more pronounced in the presence of lutein and

DHIR and is likely due to pro-oxidative activities of the

carotenoids.

Fibroblasts were incubated for 24 h with the carotenoids

(10 mM in DMEM) and cellular uptake of DHIR and lutein

was determined by HPLC (Table 2). The level of carotenoids

in the cells is given as percentage of the total amount

present at the start of the experiment. In unirradiated cells,

about 45% of the carotenoids were accumulated. Less of the

parent compounds was found in the cells irradiated with

UV-A light; however, the amount of DHIR was higher than

that of lutein. At 20 J/cm2 only 10% of lutein was recovered

in the cells whereas more than 25% of DHIR was found in

fibroblasts.

Table 1. Cell viability of human skin fibroblasts 24 h after irradia-
tion with UV-A light given as percentage of unirradiated
control

UV-A dose
(J/cm2)

Substance

Control (THF) Lutein DHIR

0 100 10777 11375
5 99710 104713 10775

10 9575 10077 10575
20 76711 59710 5675

Cells were preincubated with 10 mM carotenoid.
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3.2 UV-A-dependent generation of ROS

The fluorescent dye DCF is formed by the oxidation of

20,70-dichlorodihydrofluorescein and this reaction was used

to assess UV-A-dependent generation of ROS in fibroblasts.

Fluorescence microscopy (Fig. 2) showed that only small

amounts of DCF are generated in cells that were not

exposed to UV light either in the absence or presence of

lutein and DHIR (upper row).

With increasing doses of UV-A, cellular DCF levels were

elevated (left lane) indicating photo-oxidation. Preincubation

of the cells with 10 mM lutein did not affect ROS-dependent

DCF formation (middle lane) whereas it was decreased in

cells preloaded with DHIR (right lane).

Table 2. Carotenoid levels in cells under UV-A exposure given as
percentage of total carotenoids present in the incubati-
on mixture

UV-A dose
(J/cm2)

Substance

Lutein DHIR

0 45.372.9 47.173.9
10 15.472.1 29.377.2
20 10.072.2 25.777.8

Figure 2. Effects of DHIR and lutein

on ROS formation in human skin

fibroblasts1 h after irradiation with

UV-A light. Fluorescence intensity

of DCF is correlated with ROS

generation.

Table 3. Effects of DHIR and lutein on ROS formation in human
skin fibroblasts 1 h after irradiation with UV-A light

UV-A dose
(J/cm2)

Substance

Control (THF) Lutein DHIR

0 1540783 1379728 1337744
5 1989739 2058773 1688737

10 23217205 2368797 19477144
20 2629787 28467114 2182794

(�) Hyperthermia 1570758 14117166 1488778
(1) Hyperthermia 16187153 15337143 15837111

Fluorescence intensity of DCF (relative fluorescence units) is
correlated with ROS generation.
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DCF generation was quantitatively measured in a sepa-

rate set of experiments with cells grown under the same

conditions on 24-well plates applying fluorescence spectro-

scopy (Table 3). With increasing UV doses, ROS-dependent

formation of DCF was elevated (control). The data obtained

for lutein were similar to the solvent control indicating no

protective effect of this carotenoid in the applied system.

However, upon preincubation of cells with DHIR, fluores-

cence was lower compared with that of controls at all UV

dose levels.

Figure 3. Effects of DHIR and lutein

on the intracellular release of Zn21

from zinc proteins after irradiation

of human skin fibroblasts with UV-

A light or exposure to hyperther-

mia. Formation of fluorescent

Zinquin–Zn21 complexes is corre-

lated with the intracellular level of

‘‘free’’ Zn21 ions.
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3.3 UV-A induced release of intracellular Zn21

UV-A irradiation induces the release of intracellular Zn21

from zinc proteins, which can be followed by the formation

of fluorescent Zn21–zinquin complexes (Fig. 3). With

increasing UV doses the fluorescent probe indicated

elevated concentrations of ‘‘free’’ Zn21 within the fibroblasts

(left lane, control). Without irradiation, the amount

of intracellular ‘‘free’’ zinc ions was low and not

affected by the presence of either DHIR or lutein (upper

row). No changes in UV-dependent intracellular zinc

release were determined in cells preincubated with lutein

(middle lane). However, in the presence of DHIR, the

UV-induced formation of intracellular ‘‘free’’ zinc was

lower than control (right lane), indicating a protective

effect of the compound.

3.4 Hyperthermia (thermal stress)

Exposure of human dermal fibroblasts to hyperthermia

(431C for 30 min) results in a release of Zn21 from intra-

cellular proteins (Fig. 3). Zinquin fluorescence was more

pronounced in thermally stressed cells (1hyperthermia)

than in cells kept at 371C (�hyperthermia). Under the

conditions applied, neither DHIR nor lutein counteracted

thermal stress-induced zinc release. Hyperthermia did not

lead to a significant increase of intracellular ROS (Table 3).

Thus, it is concluded that thermal stress-induced intracel-

lular Zn21 release is not due to ROS formation and that the

preventive effects of DHIR against UV-dependent zinc

release are related to the antioxidant properties of the

compound.

4 Discussion

Carotenoids constitute a group of phytochemicals that

are suggested to play a role in the prevention of degenerative

diseases. They are potent antioxidants and some carotenoids

such as b-carotene significantly contribute to dietary

vitamin A supply [16]. In plants and micro-organisms,

carotenoids participate in photoprotective systems and

there is evidence that they also protect human tissues

against photo-oxidative damage [17]. Among all carotenoids

known up till now, only few contain aromatic or phenolic

groups in their structure. DHIR represents such a phenolic

carotenoid synthesized by bacteria that are used in

dairy industry for the production of smear cheese specialties

[4, 18].

In the present paper, we show that in human dermal

fibroblasts this structurally unusual compound prevents

UV-induced ROS formation as well as intracellular zinc

release. Protective effects correlate with the antioxidant

properties of DHIR since the release of zinc from intracel-

lular proteins induced by hyperthermia via a non-oxidant

mechanism is not inhibited in the presence of the

compound.

Zinc, which in biological systems is generally present as

Zn21, is an essential cofactor required for the accurate

structure and function of many intracellular proteins [19].

Under physiological conditions almost all intracellular Zn21

is co-ordinately bound in proteins by cysteine, histidine,

glutamate or aspartate side chains. Protein binding sites for

Zn21 providing four ligands that are either cysteine or

histidine residues are termed zinc fingers. Under various

conditions of stress the intracellular levels of ‘‘free’’ (non-

protein bound) zinc is elevated [10]. We recently demon-

strated that irradiation of cells with sublethal doses of UV-A

induces a transient increase of intracellular ‘‘free’’ zinc.

Exposure to non-toxic concentrations of pro-oxidant tert-

butyl hydroperoxide or singlet oxygen mimics the effects of

UV-A irradiation [12]. Shifting the intracellular redox

balance by depleting cells of their main intracellular thiol

glutathione also results in an increase of intracellular ‘‘free’’

zinc [9]. Thus, it is suggested that after UV-A irradiation first

and foremost oxidation of cysteine thiols is the primary

cause of the disturbed intracellular zinc homeostasis. As

zinc fingers are a major DNA-binding motive in many

transcription factors, disruption of these protein domains

may interfere with transcription and gene expression.

However, other zinc finger containing proteins may also be

affected, such as chaperones, DNA repair proteins and

proteins involved in the regulation of cell differentiation or

replication.

Intact zinc fingers are essential for the proper function of

cells and antioxidants may protect cells from UV-A-induced

intracellular zinc release associated with, for example,

dysfunction of gene expression. The antioxidant properties

of DHIR have been demonstrated in various in vitro assays

[6]. Apart from radical scavenging and singlet oxygen

quenching UV absorption mechanisms are also suggested

to contribute to the superior antioxidant and UV-protective

effects of this compound. Both properties of DHIR are likely

responsible for the protection against UV-induced distur-

bance of cellular zinc homeostasis.
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[9] Kröncke, K. D., Klotz, L. O., Zinc fingers as biological redox

switches? Antioxid. Redox Signal. 2009, 11, 1015–1027.
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