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Abstract

Probiotics, as microorganisms that affect host health in a positive way, have increasingly garnered attention.
Although most research has focused on probiotic bacteria, yeast probiotics — owing to their unique
characteristics and advantages — have successfully established their position in this field. Among essential
elements required by the body, zinc (Zn) plays a crucial role in both humans and animals. Its deficiency is
recognized as a key form of malnutrition globally, profoundly affecting human health, cognitive
development and overall growth, as well as productivity in animal husbandry. Common mineral
supplements such as zinc sulfate are often limited by low bioavailability and gastrointestinal side effects.
Yeast-based probiotic biofortification is a novel strategy designed to overcome these limitations and
effectively alleviate zinc deficiency. Cultivating yeast in zinc-enriched media results in efficient
intracellular accumulation of zinc in a more bioavailable organic form. This dual-purpose product not only
serves as a superior zinc source but also retains the probiotic properties of the yeast, leading to synergistic
effects that enhance intestinal barrier function, modulate the immune system, and improve gut microbiota
balance. Zinc-enriched yeasts could offer a promising and sustainable solution to zinc deficiency. However,
challenges remain regarding industrial scalability, stability, and regulatory compliance, necessitating
further research. This article aims to provide a concise review of studies focusing on zinc-accumulating
probiotic yeasts, mechanisms of zinc uptake and storage in yeast, and the processes governing zinc
absorption from fortified yeast in humans.
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Introduction

Zinc is an essential micronutrient for the normal growth and health of humans and animals, playing a significant
role in immunity, growth, collagen formation, memory function and cognitive development, reproductive function,
and the ability to resist diseases. Zinc deficiency is one of the most common nutritional problems worldwide,
especially in developing countries, and can severely affect human and animal health impairing metabolic processes,
immune responses, and neurological functions in both. Its deficiency during pregnancy is also associated with
adverse outcomes such as preterm birth, low birth weight, and congenital anomalies. Conventional chemical zinc
supplements which are available on the market and based on mineral salts such as zinc sulfate, often have low
bioavailability and, in addition to interfering with other minerals, also cause gastrointestinal discomfort. Organic
zinc supplements also present challenges, highlighting an urgent need for new forms of zinc with higher absorption
and fewer side effects. In the last two decades, biofortification of probiotic yeasts (mainly Saccharomyces
cerevisiae) with zinc has been proposed as a novel biotechnological approach for the production of dual-purpose
supplements, and extensive research has been conducted on this topic. This article provides a review of international
research, as well as studies conducted in Iran, to outline the current knowledge in this field, identify research gaps,
and provide perspectives for future studies.

Materials and Methods

This review article attempts to examine the findings and advances made worldwide and in Iran in the field of zinc-
enriched probiotic yeasts (as a dual-purpose strategy (providing both probiotics and zinc), including mechanisms,
applications, and future prospects, using reputable articles published from 1968 to 2024 by searching international
scientific databases such as PubMed, Scopus, Web of Science.

Results

According to laboratory and clinical studies, zinc-enriched yeasts have shown better performance in terms of
absorption and side effects compared to chemical sources. Better absorption of organic zinc in yeast is associated
with various mechanisms, including protection from interactions, utilization of absorption pathways similar to
dietary zinc, increased solubility, and stability. Zinc is complexed with proteins (metallothionein), peptides, and
glycoproteins inside the yeast cell, and these ligands protect the zinc ion from absorption antagonists in the intestinal
lumen. Unlike inorganic and organic chemical forms, this protein-peptide matrix acts as a natural transport and
release system, leading to potentially higher bioavailability and synergistic effects with other ingredients, including
B vitamins, amino acids, other minerals, and beta-glucans (which themselves are prebiotics and support the growth
of probiotics and contribute to a healthy gut microbiome). On the other hand, zinc-enriched yeasts can be easily
produced by culturing in zinc-enriched media, followed by sterilization and/or freeze-drying. The vacuole in yeast
is the largest storage site for zinc, with smaller amounts also found in mitochondria and zinc-rich cytoplasmic
vesicles (zincosomes). Zinc uptake from the environment into the yeast cell is largely mediated by protein Zrt1,
Zrt2, and Fet4, and zinc storage is mediated by the transporters Cotl and Zrc1, which pump excess zinc into the
vacuole. Under conditions of zinc deficiency, the transporter Zrt3 is overexpressed and returns the zinc stored in the
vacuole to the cytosol. Zinc absorption occurs throughout the entire small intestine, but approximately 25-66% of
ingested zinc is absorbed from the proximal jejunum and ileum. Zinc uptake into intestinal cells is mediated by zinc
transporters in the apical and basolateral membranes. ZIP4 (in the apical membrane) is known to be the main
transporter for intestinal zinc absorption from the intestinal lumen into the cells, and ZnT1 is the transporter that
directs zinc from the distal end of intestinal cells into the bloodstream. ZIP5 and ZIP14 facilitate zinc uptake from
the circulation into intestinal cells, contributing to the maintenance of intracellular zinc concentrations. ZnT5B (in
the apical membrane) acts as an additional regulatory mechanism to maintain zinc homeostasis. Zinc is deposited
in bone and skeletal muscle, where approximately 90% of the body’s zinc stores can be found. Research in Iran and
the world shows that the process of zinc bioaccumulation in probiotic yeasts is strongly influenced by environmental
conditions. The presence of an energy source, such as glucose and stirring of the medium increases the absorption
by providing energy and better contact. Absorption is reduced at very acidic pH (less than 5) due to the competition
of hydrogen ions (H* ) with zinc ions (Zn%* ), and absorption is low at very alkaline pH due to the formation of
insoluble zinc hydroxide. To achieve maximum zinc accumulation in yeast, an optimal balance must be established
between various factors, including the energy source, pH, type and concentration of the zinc salt, and cell growth
stage. The use of modern physical methods (siderophores, ultrasound waves, and pulsed electric field (PEF) with
optimal voltage) can also significantly increase the efficiency of this biotechnological process. Mineral sources such
as zinc sulfate and zinc chloride are usually more suitable for enrichment than organic forms (such as zinc-threonine)
because they are less inhibitory to yeast growth and provide better aggregation.
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There is also an optimal concentration (30 mg/L in many sources) that, at lower concentrations, enhances active
uptake mechanisms, but at high concentrations, zinc may be exported back into the environment to prevent toxicity.
Studies have also confirmed the possibility of simultaneous enrichment with multiple minerals (such as selenium,
zinc, and chromium).

Conclusion and Discussion

Zinc-enriched yeasts represent an advanced technology in the field of nutrition that combines the benefits of an
effective probiotic (such as pathogen inhibition, intestinal barrier strengthening, and immunomodulation) and a
highly absorbable micronutrient source, providing an optimal and multifaceted solution to combat zinc deficiency
and promote general health. The use of zinc-enriched yeast in poultry and aquaculture nutrition can lead to improved
growth indices, feed conversion ratio, and general health of livestock, and is considered an alternative to growth-
promoting antibiotics. Given that a significant part of domestic research in Iran has focused on the production
process and optimization of fermentation conditions, conducting clinical studies in humans as a dietary supplement
for at-risk groups such as children, pregnant and lactating women, athletes, and the elderly, and the potential for use
in the management of inflammatory bowel diseases and antibiotic-associated diarrhea, as well as further studies in
the field of livestock, poultry, and aquaculture can serve as a basis for future research. Further research on
indigenous probiotic strains and determination of the effective dose for specific nutritional conditions in Iran can
also be useful.
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Table 2. Some injectable and oral zinc supplements

Source Amount of f\famagg’ Complementary Supplement
Zinc Present Brand Name Name Type
Comes in two
(o) doses: 25 mg Galzin Zinc Acetate
and 50 mg Oral
(v#) 50 mg WL Zinc Gluconate
Natural
Multrys
1000 2 .
(Yo) .
Microgram (American Zinc Sulfate
regent)
Tralement
(&) 3 Milligram (American Zinc Sulfate Injectable
regent)
(&) 1 Milligram Exela Zinc Chloride
(o) 1 Milligram Hospira Zinc Chloride
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Figure 2. Comparison of zinc mineral chemical supplements with zinc-enriched yeast-based supplements
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Structure
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Absorption Natural and protected delivery
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Benefits support for gut health
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Figure 3. Comparison of organic zinc chemical supplements with zinc-enriched yeast-based supplements
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Figure 4. Mechanism of zinc uptake and transport in yeast
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Figure 5. Mechanism of zinc absorption in the human intestine
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Table 3. Studies conducted on zinc absorption and its source inside and outside Iran
Yeast name Zinc source used Amount of zinc ad_ded to Zinc absorption rate Reference
the culture medium (mg/g-1 dry wet.)
Y. lipolytica RO25 ZnS0,.7H,0 5 Millimolar femtogram 400 (v4)
S. cerevisiae = 4000 44.22 (YA)
Candida utilis IBRC-M-30072 ZnSOy - 41830 ppm (Yv)
S. cerevisiae AUMS 10233 ZnS0, S0OHIcbgramslRen 51.02 ppm ()
milliliter
S. cerevisiae zinc oxide - - (*v)
S. cerevisiae ATCC 9763 ZnCl, 2000 “ﬂlﬁ?ﬁ?&”‘s per 41.80 ppm ()
S. pastorianus Rh ZnS0,4.7H,0 5 Millimolar milligrams/gram 5.9 +1 (¥¢)
S. cerevisiae M-type ZnS0,.7H,0 Ui mflrl?lgi]tr:rms per Femtogram per cell 47 (vA)
S. cerevisiae DY1457 CM104 ZnCl, 1000 “ﬁ:ﬁ[ﬁf’tﬁ"‘s PEr | picomole per 106 cells 1300 | (r+)
i 102.4 Micrograms per
S. cerevisiae L-2226 ,L-2056 - q
s ZnS0,4.7H,0 milliliter (F4)
. 30 mg/liter (maximum Milligrams per dry 4133 N
S. cerevisiae PTCC 5209 ZnS0,4.7H,0 absorption) weight ©)
. B 100 Micrograms per Milligrams per gram, 15.57 e
S. cerevisiae 11 B1 milliliter iy (©7)
S. cerevisiae 2.606 Zn (NO,),.6H,0 | 0.8 Millimoles per liter Micromoles per liter 670 (@v)
S. cerevisiae 11B1 B 100 Ml(_:rqmoles per Milligrams per gram, 13.29 (¥%)
milliliter dry
S. cerevisiae 11B1 ZnS0, 150 Mlgrqg_rams per Milligrams per gram, 11.41 %)
milliliter dry
S. cerevisiae ZnS0,.7H,0 7.5 Grams per liter 115.67 +4.65 (oY)
C. tropicalis sp. T-A Zinc gluconate 8000 I\r/1|’:iclm?trearms per 19.153 (F%)
S. cerevisiae A112 ZnS0, 1 Grams per liter M|II|gramingggram, el (0A)
S. cerevisiae FF-10 ZnCl, 4000 ppm ppm 150892 (o)
S. cerevisiae TVG4 ZnSO, 0.1 Grams per liter MICI’Ogrng eI I 20 (©4)
ry weight
Pichia guilliermondii . Milligrams/kg dry 75090 ..
Wickerham LPB 063 ZnSO, 10 Grams per liter weight (*)
Rhodotorula glutinis CCY 020- . Milligrams per gram, 7.030
1.0.025 @
002-033 ZnS0,4.7H,0 i ()]
S. cerevisiae 612 YPD 2000 Milligram Milligrams g%r/gram, 185 ()
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