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Simple Summary

Trace minerals (TMs) are essential for all animals and are required to maintain healthy skin
and coats in companion animals. Supplemental sources of TM vary in their bioavailability
and efficacy based on their chemical form. A randomized, controlled 90-day feeding trial
was conducted to evaluate the effect of sulfate (inorganic) versus lysine and glutamic acid-
complexed TM (organic) sources of Zn, Mn, Cu, and Fe on hair growth and loss, as well as
haircoat characteristics, in 40 healthy adult shorthair cats. The results of the study revealed
that cats that received the lysine and glutamic acid-complexed TM diet had decreased hair
loss (shedding) and improved haircoat scores (less dander) on day 45 but no difference at
day 90. Therefore, cats fed lysine and glutamic acid-complexed organic TMs had a transient
improvement in skin health and less hair loss. The results reported support the use of TMs
from lysine and glutamic acid-complexed organic TMs as a nutritional strategy to maintain
healthy skin and coats in cats.

Abstract

Trace minerals (TMs) are pivotal for skin health and haircoat quality. The objective of this study
was to evaluate effects of organic TMs, in the form of lysine and glutamic acid-complexed TMs
(Zn, Mn, Cu, and Fe), on feline hair growth and haircoat characteristics. Cats (mean 8.4 yr)
were fed a Control diet (inorganic TM, sulfates) for 15 days before being assigned to treatment
diets for 90 days. Treatments were Control (n = 20) or lysine and glutamic acid-complexed
TM (Zinpro Corp. Eden Prairie, MN, USA) sources (TMC-LG; n = 20), formulated at iso-levels
(100 ppm Zn, 15 ppm Mn, 12 ppm Cu, 80 ppm Fe). At the beginning of the test period (day
0), an area was shaved to evaluate hair growth on days 45 and 90, in addition to haircoat
characteristics and hair loss. At day 45 (diet x day, p = 0.02), cats fed TMC-LG tended to
have 0.023 g less shed hair compared to Control cats (p = 0.08). Similarly, dander scores
differed at day 45 (diet x day, p = 0.02), with TMC-LG (0.66) cats having more favorable scores
compared to Control (1.05; p = 0.03). There were no significant differences between treatments
at day 90. Cats fed TMC-LG had a transient improvement in hair loss and dander scores at
day 45 compared to the Control over the 90-day trial.

Keywords: complexed organic trace minerals; domestic cats; skin; shed hair; dander

1. Introduction

Trace minerals (TMs) are added to complete diets in small quantities and as such
are often overlooked. However, they are essential to many structural, physiological, and
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biochemical functions [1-5]. However, little is known about the role TMs play in the overall
wellbeing of the growing companion animal population, especially in cats. While TMs are
essential nutrients needed for all living animals, reports have shown that some commercial
pet foods contain inadequate or excessive amounts [6-9], largely due to the unknown TM
bioavailability in natural ingredients [8]. Trace mineral bioavailability and metabolism is
complex and should be considered when addressing total trace mineral levels in complete
diets, where both excesses or inadequacies could be provided by included ingredients [8].

Commercial cat foods are generally supplemented with inorganic TMs; however, it is
well known that inorganic and organic TMs are absorbed and utilized differently in the
body [10]. Bioavailability, absorption, and utilization are affected by the elemental form
and source of the mineral. Organic TMs are classified by the Association of American
Feed Control Officials (AAFCO) based on the chelating agent bound to the TM, including
metal amino acid complexes, amino acid chelates, metal proteinates, and polysaccharide
metal complexes [11]. These classifications can be further defined as trace metals that
are chelated to a carbon-containing molecule (amino acids, hydrolyzed proteins, or other
carbon molecules). It is important to note that while organic TMs are defined under one
single category, properties such as pH, stability, and bioavailability are dependent on the
chelating agent and the methods by which the mineral is produced [12]. It is therefore of
interest to understand the efficacy of specific organic TMs as they pertain to feline nutrition.

Zinc and Cu provide antioxidant functions and help stabilize proteins, making them
less prone to oxidation [13]. Zinc is essential for epithelial tissue development and mainte-
nance, tight junction protein synthesis and function, and to the catalytic, structural, and
regulatory functions needed for tissue keratinization [14,15]. Collagen production is pivotal
in maintaining skin structure and elasticity, which is dependent on Cu and Mn [16]. The
skin is key to maintaining a protective barrier for the animal from the outside environment.
Zinc is required for overall growth and is present in every tissue in the body, making it a
type Il nutrient, and therefore must be consumed daily; it supports skin and mucosal mem-
brane integrity and is thus indispensable for innate and acquired immune function [17].
Additionally, Cu and Mn influence the pro-inflammatory and anti-inflammatory response
of macrophages, which modulate the dynamic process of wound healing and biomedical
tissue regeneration [18].

Furthermore, phenotypic qualities of skin and haircoat pigmentation are highly reg-
ulated through TM supplementation [19]. Zinc has been found to be readily absorbed in
dogs when fed as an amino acid chelate versus an oxide, and it accumulates more readily
in the coat [10,20]. Another study suggested potential effects on coat health with tendencies
for increased glossiness when dogs received an organic source of Zn [21]. Finally, previous
work in senior dogs fed amino acid-complexed Zn, Mn, Cu, and Fe significantly improved
hair growth and reduced shedding compared to dogs that received sulfates [22]. Thus, the
objective of this study was to evaluate the effects of organic TM, in the form of lysine and
glutamic acid complexes, on feline skin and haircoat health parameters in adult domestic
shorthair cats compared to an inorganic source.

2. Materials and Methods

All animal procedures in this study were approved by the Institutional Animal
Care and Use Committee at Summit Ridge Farms (Susquehanna, Bala Cynwyd, PA,
USA; IACUC—ZPMEFFF00121), in compliance with the Animal Welfare Act [23]. All
technicians involved with animal handling, data collection, and data analysis were
blinded to treatments.
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2.1. Animals and Housing

A total of 40 domestic shorthair cats were randomly assigned to one of two groups
based on haircoat color, age (5 to 12 years), sex (18 neutered males and 22 spayed females),
and body weight (BW; Table 1). All cats were individually identified by a unique ear
tattoo and cage card. Inclusion criteria included apparently healthy, spayed/neutered,
non-pregnant, and non-lactating adult cats with sufficient hair growth (1 inch or greater)
that were cooperative with the proposed study activities. Cats were individually housed in
cages that were 63.5cm W x 119.38 cm L x 121.92 cm H (0.76 sq. meters of floor space) and
contained two perches. The cattery was maintained within the target temperature range
(50-80 °F) and lighting was on a 12 h light and 12 h dark cycle. Cages, food bowls, water
bowls, and litter boxes were cleaned daily and sanitized in accordance with the Animal
Welfare Act [23]. All cats were deemed healthy prior to and during the study period by the
attending veterinarian at the cattery.

Table 1. Characteristics utilized to randomly assign cats to TM diet treatments .

Item Control TMC-LG
Animals, n 20 20
Sex, n
Neutered males 9 9
Spayed females 11 11
Age 2, year 8.6 8.2

! Dietary treatments were fed for a 90-day feeding trial, Control or TMC-LG formulated to iso-levels of TM
(100 ppm Zn, 15 ppm Mn, 12 ppm Cu, 80 ppm Fe) as sulfates or lysine and glutamic acid-complexed TM (Zinpro
Corp. Eden Prairie, MN, USA), respectively. 2 Age did not differ between treatments or sex, p > 0.1.

2.2. Dietary Treatments

All diets were formulated to meet nutrient requirements for maintenance of adult cats
based on the AAFCO recommendations (AAFCO, 2021). All cats received the standard
colony diet for the first 14 days of the study period (Purina Cat Chow, Nestle Purina Petcare
USA, St. Louis, MO, USA; —15 to 0 day). At day 0, groups were randomly assigned to
either the Control diet containing sulfate minerals (Control, n = 20) or the treatment diet
containing lysine and glutamic acid-complexed trace minerals (TMC-LG, n = 20; Zinpro®
ProPath®, Zinpro Corporation, Eden Prairie, MN, USA) which were fed for 90 days with a
staggered start (Table 2; Figure 1). The only variable among treatment diets was the trace
mineral premix, with respect to Zn, Mn, Cu, and Fe source. Diets were mixed and extruded
according to industry-standard manufacturing practices. The extruded kibble diets were
manufactured to meet manufacturer (Mid-South Feeds, Alma, GA, USA) standards and
defined product specifications for protein (minimum 30%), moisture (maximum 12%), and
appearance. All diets were extruded on the same day.

The amount of extruded kibble offered was initially calculated based on the metaboliz-
able energy (ME) of the diet and the initial BW of each individual cat (1.2 x 70 (BW kg)0'75)
and adjusted as needed based on the cat’s weekly body weight (BW) for maintenance.
Proximate analysis of study diets was performed to determine crude protein, crude fat,
crude fiber, moisture, and mineral analysis of calcium (Ca), phosphorus (P), manganese
(Mn), sodium (Na), chloride (Cl), potassium (K), zinc (Zn), magnesium (Mg), copper (Cu),
and iron (Fe) according to commercial lab standards (Table 3). Water was provided ad
libitum in stainless-steel bowls to all cats throughout the study.
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Table 2. Trace mineral inclusions for extruded kibble cat diets 1.

Item Control TMC-LG
ZnSOy4 100 ppm

MnSQOy4 15 ppm

CuSQOy 12 ppm

FeSO4 80 ppm .
Zinpro® ProPath® Zn 2 . 100 ppm
Zinpro® ProPath® Mn 2 . 15 ppm
Zinpro® ProPath® Cu 2 . 12 ppm
Zinpro® ProPath® Fe 2 . 80 ppm

! Dietary treatments were fed for a 90-day feeding trial, Control or TMC-LG formulated to iso-levels of TM
(100 ppm Zn, 15 ppm Mn, 12 ppm Cu, 80 ppm Fe) as sulfates or lysine and glutamic acid-complexed TM (Zinpro
Corp. Eden Prairie, MN, USA), respectively. 2 Zinpro Corporation, Eden Prairie, MN, USA.

Winter Spring
| |
[ I 1
Common diet
Day -15to -1
Start diet treatments
I | | |
| | | |
Day -15 0 45 90
Dec.28/31,2021  Jan. 11/14, 2022 Feb. 25/28, 2022 April 11/14, 2022
Data collection: Data collection: Data collection:
+ BCS + BCS « BCS
* Hair samples and * Hair samples and * Hair samples and
measurements measurements measurements
» Skin and coat assessments » Skin and coat assessments * Skin and coat assessments

Figure 1. Cat study timeline.

Table 3. Cat extruded kibble diet composition 2.

Item Control TMC-LG
Dry matter, % 89.15 88.33
Crude protein, % 30.30 30.40
Fat, % 10.20 10.30
Crude fiber, % 2.30 1.15
Ash, % 8.23 8.16
NFE 3, % 38.12 38.32
Zinc, ppm 141.00 150.00
Manganese, ppm 36.80 37.6
Copper, ppm 19.90 20.00
Iron, ppm 183.00 186.00

1 Dietary treatments were fed for a 90-day feeding trial, Control or TMC-LG formulated to iso-levels of TM
(100 ppm Zn, 15 ppm Mn, 12 ppm Cu, 80 ppm Fe) as sulfates or lysine and glutamic acid-complexed TM (Zinpro
Corp. Eden Prairie, MN, USA), respectively. 2 Proximate analysis—Midwest Laboratories (Omaha, NE, USA);
As-fed basis. 3 Calculated.

2.3. BW, BCS, Food Disappearance

Cats were fed once daily at approximately the same time and allowed 22 h to consume
the allotted food. Unconsumed food was collected and weight of orts was recorded daily.
Cats were weighed weekly and body condition scores (BCS; Table 4) were recorded on day 0,
45, and 90 based on the Nestlé Purina 9-point scale (1-4 = too thin; 5 = ideal; 6-9 = too heavy).
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Table 4. The effect of TM source on body weight (BW), body condition score (BCS), and food
disappearance in cats 12,

Item Control TMC-LG SEM
BW, kg
Start study period ° 4.1 4.1 0.1
End study period * 4.1 4.2 0.1
BCS>
Start study period 3 52 52 0.1
End study period 51 51 0.1
Food consumption ©, g 83.6 80.9 2.3

! Dietary treatments were fed for a 90-day feeding trial, Control or TMC-LG formulated to iso-levels of TM
(100 ppm Zn, 15 ppm Mn, 12 ppm Cu, 80 ppm Fe) as sulfates or lysine and glutamic acid-complexed TM (Zinpro
Corp. Eden Prairie, MN, USA), respectively. 2 No statistical differences between treatments. 3 Study day 0.
4 Study day 90. ° Based on a 9-point scale: 1-4 = too thin; 5 = ideal; 6-9 = too heavy. ¢ Daily average food
consumed over 90-day study period.

2.4. Anesthesia

On day 0, 45, and 90 cats were anesthetized during the sample collection procedures.
Cats were administered a combination of 0.1 mL of dexmedetomidine (0.5 mg/mL) and
0.1 mL of butorphanol (10 mg/mL) intramuscularly as pre-operative sedative agents. Once
the cat was sedated an intravenous injection of 4 mg/kg of 1% propofol was administered
prior to intubation. Cats were intubated, administered 0.1 mL of the reversal agent atipame-
zole (5 mg/mL) intramuscularly, and anesthesia was maintained by inhalation of 2-3%
isoflurane in oxygen. Cats were maintained under anesthesia for only the amount of time
necessary to collect samples.

2.5. Hair Samples and Measurements

Shed hair samples were collected on day 0, 45, and 90. Prior to brushing, the brush
and collection bag were weighed to determine initial weight. On day 0 cats were brushed
with 10 strokes at the top of the back from the point of the shoulders to the base of the
tail, approximately 15 to 29 cm in length. On day 45 and 90, cats were brushed with
20 strokes, 10 strokes at the top of the back from the point of the shoulders to the base of
the tail and 10 strokes across the top of the cat along the spine from the neck to the base of
the tail. Additional brush strokes were collected on days 45 and 90 compared to day 0 due
to low amount of hair collected with just 10 strokes. The shed hair samples and the brush
were placed in a collection bag and weighed prior to storage at room temperature.

On day 0, 45, and 90, length of hair was measured to determine initial hair length
and regrowth after shaving. An 8 x 10 cm area beginning from the shoulder blade and
continuing 10 cm back on the side of the cat below the spine was divided into 3 regions,
left, middle, and right (Figure 2). Hair length was measured from the base of the hair shaft
to the tip of the hair at a 45-degree angle in the center of each region. Following initial hair
length measurements on day 0, the 8 x 10 cm area was shaved with a #40 blade, allowing
hair re-growth to be measured on day 45 and 90.
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Figure 2. Cat hair sample and measurement diagram.

2.6. Skin and Coat Assessments

Visual coat assessments were performed on day 0, 45, and 90 by the same trained
personnel for shine (0 = dull/coarse/dry; 1 = poorly reflective/non-soft; 2 = slightly
reflective/somewhat soft; 3 = medium reflective/medium soft; 4 = highly reflective/very
soft; 5 = greasy), dander (0 = none; 1 = fine over back; 2 = fine over body; 3 = medium over
back; 4 = medium over body; 5 = severe), and overall coat quality (1 = poor; 2 = satisfactory;
3 = good; 4 = excellent).

2.7. Statistical Analysis

Data were analyzed with a mixed model using PROC GLIMMIX (SAS Inst., Int.,
Cary, NC, USA) with the cat as the experimental unit testing diet and sex; diet, sex, and
day were fixed effects, as well as their interactions. Additionally, day 0 was used as a
covariate for skin and coat assessments and hair measurements. Outliers were identified as
observations with residuals beyond +3 standard deviations of zero. Statistical significance
was determined at p < 0.05 and trends considered when 0.05 < p < 0.08. Means are
reported as LS means.

3. Results
3.1. BW, BCS, and Food Consumption

No overall diet effects or diet x sex interactions were detected for BW, BCS, or food
consumed (p > 0.09). Male (4.5 kg) cats were heavier than female (3.7 kg) cats (p < 0.01)
throughout the trial and therefore consumed more food (p < 0.01) as the amount of food
offered was calculated based on BW to maintain consistent BCS.

3.2. Hair Length and Shed Hair

No overall diet effects or diet x sex interactions were detected for hair length at any
time point (p > 0.20). As expected, cats had longer hair at the end of the study period
(day 90) compared to day 45 (p < 0.01). Averaged across treatments, male cats (2.90 mm)
had longer hair compared to female cats (2.59 mm) at the end of the study period (day 90,
p < 0.05).

Averaged across diet and sex, cats shed more hair at day 90 (0.102 g) compared to
day 45 (0.068, p < 0.01). No overall diet effects, sex effects, or diet x sex interactions
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were detected for amount of shed hair at any time point (p > 0.44); however, a diet X day
interaction was detected (p < 0.02). Cats fed TMC-LG (0.057 g) tended to have less shed
hair compared to Control-fed cats (0.080 g) at day 45 (p < 0.08). A trend for an interaction
between sex and day was identified (p < 0.08), but post hoc analysis did not reveal any
differences between males and females at day 45 or 90 (p > 0.09) (Table 5).

Table 5. The effect of TM source on cat hair length and shed hair weight 1

Diet Sex

Item SEM
Control TMC-LG Males Females

Hair length 2 mm

Day 45 145 1.34 142°¢ 137¢ 0.07
Day 90 2.80 2.68 2902 2.59b 0.07

Shed hair 3, g
Day 45 * 0.080 P 0.057® 0.073 0.064 0.01
Day 90 0.099 2 0.1042 0.095 0.108 0.01

! Dietary treatments were fed for a 90-day feeding trial, Control or TMC-LG formulated to iso-levels of TM (100 ppm
Zn, 15 ppm Mn, 12 ppm Cu, 80 ppm Fe) as sulfates or lysine and glutamic acid-complexed TM (Zinpro Corp. Eden
Prairie, MN), respectively. 2 Diet p = 0.197; Sex p = 0.045; Day p < 0.01; Diet x Day p = 0.959; Sex x Day p = 0.012. 3 Diet
p = 0.439; Sex p = 0.829; Day p < 0.01; Diet x Day p = 0.025; Sex x Day p = 0.068. 4 At day 45, Control vs. TMC-LG
tended to differ, p < 0.08. 2 Means within a row lacking common superscripts differ, p < 0.05.

3.3. Haircoat Evaluations

No diet, sex, or day effects, nor their interactions, were detected for overall coat quality
or shine (p > 0.25). Although no overall diet effect was detected for dander (p > 0.57), cats
fed TMC-LG had a significantly lower (p < 0.03) dander score compared to Control-fed
cats at day 45 (diet x day interaction, p < 0.06) (Table 6).

Table 6. The effect of TM source on cat coat quality 1 shine 2, and dander 3.

Diet
Item SEM
Control TMC-LG
Overall coat quality 5 2.75 2.78 0.08
Shine ©
Day 45 2.47 2.48 0.16
Day 90 2.67 242 0.16
Dander 7
Day 45 1.05P 0.66 2 0.12
Day 90 0.80 P 0.86 P 0.12

10 = dull/coarse/dry; 1 = poorly reflective/non-soft; 2 = slightly reflective/somewhat soft; 3 = medium reflec-
tive/medium soft; 4 = highly reflective/very soft; 5 = greasy. 20 = none; 1 = fine over back; 2 = fine over body; 3
= medium over back; 4 = medium over body; 5 = severe. 51= poor; 2 = satisfactory; 3 = good; 4 = excellent. 4
Dietary treatments were fed for a 90-day feeding trial, Control or TMC-LG formulated to iso-levels of TM (100
ppm Zn, 15 ppm Mn, 12 ppm Cu, 80 ppm Fe) as sulfates or lysine and glutamic acid-complexed TM (Zinpro Corp.
Eden Prairie, MN, USA), respectively. ° Diet p = 0.786; Sex p = 0.947; Day p = 0.629; Diet x Day p = 0.253. © Diet p
=0.567; Sex p = 0.748; Day p = 0.270; Diet x Day p = 0.056. 7 Diet p = 0.302; Sex p = 0.386; Day p = 0.776; Diet x
Day p = 0.007. 2> Means lacking common superscripts differ, p < 0.05.

4. Discussion

This study was designed to evaluate the effect of trace mineral source (inorganic vs.
lysine and glutamic acid-complexed organic) on the coat quality, hair growth, and amount
of hair loss (shedding) in healthy, adult shorthair cats housed indoors. The lysine and
glutamic acid-complexed trace mineral source fed to the TMC-LG cats is proven to be
uniquely absorbed via the amino acid transporters which renders protection from dietary
antagonists such as phytic acid, folic acid, and calcium [24,25]. Cats fed TMC-LG minerals
had reduced shedding and a tendency for improved dander (coat quality) scores at day 45
of the 90-day feeding trial, but the advantage dissipated by day 90.
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Overall, trace mineral source did not affect BW, BCS, or food consumption which
indicates that the concentration of trace minerals supplemented in this study was palatable
and well-tolerated. Additionally, the difference in BW between male and female cats
throughout the trial, with males being heavier, is consistent with previously published
results [26,27].

There were limited effects on hair length after shaving in this study. Regardless of
dietary treatment, cats had 1.35 mm longer hair at day 90 compared to day 45 and male cats
had 0.31 mm longer hair than females at day 90. Baker et al. (1974) reported the average
growth rate of hair for cats to be 300 microns per day with minimum growth in late winter
(February—northern hemisphere) and commencement of hair growth in early summer
(April/May—northern hemisphere) [27]. Similarly, Ryder (1976) and Hendriks et al. (1997)
reported a sinusoidal pattern of hair growth that mirrored day length with maximum and
minimum hair growth in late summer (February—southern hemisphere) and late winter
(August—southern hemisphere), respectively [28,29]. Cats in these studies had access to
outdoor areas and therefore were exposed to regular day length cycles throughout the year,
whereas cats in the trial reported herein (December to April; northern hemisphere) were
housed indoors, and the low overall amount of hair growth coincides with previous reports
of minimum hair growth and follicle activity in late winter. Our data suggests that even
cats housed exclusively indoors may retain innate physiological responses to day length
variation throughout the year. It is also possible that the average hair growth rate estimated
by Baker et al., 1974, may prove to be greater than that expected for cats housed indoors
and warrants further investigation [30].

There appears to be conflicting evidence that female cats reach peak hair growth and
maximum follicle inactivity earlier (~15 days) than their male counterparts [29,30]. In the
current study, male cats had longer hair at the end of the trial, possibly explained by the
different housing conditions and/or the large hair growth rate discrepancy between sexes.

Similarly to hair growth rate, a sinusoidal pattern of hair loss (shedding) in cats has
been reported [31]. In cats with access to the outdoors, maximum hair loss was in the
summer and minimum in the winter, suggesting cats are physiologically programmed to
have the densest hair at the coldest time of year [31]. The last two weeks of the current
study (April, Northern Hemisphere) coincide with the transition from winter to spring
and thus the expected seasonal molt in cats [28]. Averaged across dietary treatments, cats
in the current study had 0.034 g more hair loss at day 90 (average high temperature of
14.4 °C) compared to day 45 (average high temperature of 2.2 °C), which is consistent with
a spring molt as the temperatures increased. However, at day 45 cats fed TMC-LG had 29%
less hair loss compared to their Control cohorts. These data suggest that cats fed a lysine
and glutamic acid-complexed organic trace mineral source had less hair loss and therefore
more favorable coat density during the colder period of winter. The TM source effect on
amount of shed hair did not carry through to the end of the trial as there was no significant
difference in hair loss between treatments at day 90 which represented a spring transition
period. A longer trial across multiple seasonal shifts to investigate the dynamic haircoat
cycle of cats housed indoors is necessary to determine nutritional influence on seasonal
molting patterns.

Cats in the current study were evaluated for haircoat characteristics, including shine,
dander, and overall quality. Trace mineral source did not affect shine or overall coat quality.
As stated previously, this study was conducted during a time of low hair follicle activity
and slow hair growth; therefore, there was little opportunity to observe changes in shine
or overall quality. Senior dogs fed amino acid-complexed trace minerals had significantly
improved hair growth rate and coat quality, but that study was conducted in the late
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summer/early fall (Northern Hemisphere) [22], coinciding with seasonal patterns of hair
growth and loss.

Cats fed TMC-LG had a tendency for lower dander scores compared to Control-fed
cats at day 45, consistent with less hair loss at day 45. However, as with hair loss, there
was no significant difference between treatments at day 90. Given the significant effect
of skin integrity and overall health on coat characteristics [32], it is not surprising that
TMs would play a pivotal role in haircoat maintenance. Epithelial cells are metabolically
demanding and require a consistent supply of nutrients, especially trace minerals which
are rate-limiting components of cellular enzymes and transcription factors regulating
immunity and antioxidant status [33]. Zinc, copper, iron, and manganese are all essential
for antioxidant enzymes to regulate reactive oxygen species, and when unbalanced they
cause cell death and tissue damage [33-35]. Additionally, keratin is the primary protein in
hair, nails, and the outermost layer of the epidermis. Zinc is essential for the keratinization
process [15]. The results reported herein are consistent with the vital role of trace minerals in
maintaining skin health, hair loss, and coat characteristics in cats. However, the explanation
for the transient advantage that TMC-LG-fed cats appeared to have at day 45 in both hair
loss and dander scores is not fully explained by the information collected in this study and
warrants further investigation.

The authors recognize the study reported herein has some limitations. A more robust
design could have included a longer test period that covered more diverse seasonal shifts;
however, the study design was based on previously observed significant haircoat results in
dogs fed different TM sources over a 90-day feeding trial [22]. The authors recognize that it
may have been more favorable to conduct this study in the summer, a more active time of
hair follicle metabolism and growth. The methodologies to measure the variables of interest
in this study are qualitative but provide practical data that is directly applicable to the
industry. Additionally, cats in this study were housed indoors and kept in their respective
cages for the duration of the study in order to minimize aberrant hair loss. The authors
recognize that this could have contributed to unintended stress that may have contributed
to hair loss rates. Despite these recognized limitations, the data reported herein contributes
to knowledge gaps in the literature as it relates to haircoat and hair loss responses to TM
supplementation in adult, indoor-housed cats. These data also highlight the need for more
research on cats housed indoors to further elucidate how haircoat cycles differ from those
with access to natural light cycles and temperature fluctuations encountered outdoors.

5. Conclusions

The current study evaluated the effect of supplemental trace mineral source (lysine
and glutamic acid-complexed versus inorganic) on hair growth, hair loss (shedding), and
coat characteristics. The results reported herein revealed decreased hair loss and a tendency
for improved coat dander scores at day 45 (February) of a 90-day feeding trial in cats fed
TMC-LG compared to Control-fed cats, although no significant difference was detected
at day 90. The reason for the transient response is not completely understood. Further
investigation of trace mineral source effects on hair growth during different times of the
hair cycle to determine micronutrient impact on the dynamics of haircoat characteristics
and shedding in adult cats housed indoors is warranted.

Author Contributions: Conceptualization, L.A.A. and A.A.M.; data curation, L.A.A. and A.AM,;
formal analysis, L.A.A., AL AM., M.LM. and A.S.C.; investigation, L.A.A.,, M.L M. and A.AM.;
methodology, L.A.A.; project administration, L.A.A. and T.M.; resources, L.A.A. and A.A.M.; software,
L.A.A. and A.A.M,; supervision, L.A.A; validation, L.A.A., A/ AM. and A.S.C,; visualization, L.A.A.,
A.AM. and A.S.C.; writing—original draft, L.A.A. and A.S.C.; writing—review and editing, L.A.A.,



Animals 2025, 15, 2662 10 of 11

A.AM., M.LM,, TM. and A.S.C.; All authors have read and agreed to the published version of
the manuscript.

Funding: The study was funded by Zinpro Corporation.

Institutional Review Board Statement: The study was approved by Summit Ridge Farms (IACUC;
ZPMEFFF00121).

Informed Consent Statement: This study does not require informed consent because the cats are
from the research facility.

Data Availability Statement: Restrictions apply to the availability of these data. Data were obtained
by the study sponsor and may be available at the discretion of the study sponsor.

Conflicts of Interest: Laura A. Amundson, Allison A. Millican, and Alyssa S. Cornelison are employ-
ees of Zinpro Corporation, which provided funding and product TMC-LG for this research. Zinpro
hired Michael L. McGilliard to conduct statistical analysis of the data reported herein. This study
was conducted at Summit Ridge Farms and Taryn Matti is an employee of Summit Ridge Farms. The
Zinpro employees had input on the study design and interpretation of the results.

Abbreviations

The following abbreviations are used in this manuscript:

™ Trace mineral

Zn Zinc

Mn Manganese

Cu Copper

Fe Iron

AAFCO  Association of American Feed Control Officials
BCS Body condition score

BW Body weight

ME Metabolizable energy

References

1. Prashanth, L.; Kattapagari, K.K.; Chitturi, R.T.; Baddam, V.R.R.; Prasad, L.K. A review on role of essential trace elements in health
and disease. J. Dr. NTR Univ. Health Sci. 2015, 4, 75. [CrossRef]

2. National Research Council. Nutrient Requirements of Dogs and Cats; The National Academies Press: Washington, DC, USA, 2006.

3 Puertollano, M. A ; Puertollano, E.; Alvarez de Cienfuegos, G.; de Pablo, M.A. Dietary antioxidants: Immunity and host defense.
Curr. Top. Med. Chem. 2011, 11, 1752-1766. [CrossRef]

4. Mertz, W. Trace Elements in Human and Animal Nutrition, 5th ed.; Academic Press: Cambridge, MA, USA, 2012.

5. Dzanis, D.A. The Association of American Feed Control Officials Dog and Cat Food Nutrient Profiles: Substantiation of nutritional
adequacy of complete and balanced pet foods in the United States. J. Nutr. 1994, 124, 25355-2539S. [CrossRef] [PubMed]

6. Pereira, A.M.; Pinto, E.; Matos, E.; Castanheira, F.; Almeida, A.A.; Baptista, C.S.; Segundo, M.A.; Fonseca, A.].M.; Cabrita, ARJ.
Mineral composition of dry dog foods: Impact on nutrition and potential toxicity. J. Agric. Food Chem. 2018, 66, 7822-7830.
[CrossRef]

7. Paulelli, A.C.C.; Martins, A.C., Jr.; de Paula, E.S.; Oliveira Souza, ].M.; Hornos Carneiro, M.F,; Barbosa, E,, Jr.; Batista, B.L. Risk
assessment of 22 chemical elements in dry and canned pet foods. |. Consum. Prot. Food Saf. 2018, 13, 359-365. [CrossRef]

8. Kazimierska, K.; Biel, W.; Witkowicz, R. Mineral composition of cereal and cereal-free dry dog foods versus nutritional guidelines.
Molecules 2020, 25, 5173. [CrossRef] [PubMed]

9.  Davies, M.; Alborough, R.; Jones, L.; Davis, C.; Williams, C.; Gardner, D.S. Mineral analysis of complete dog and cat foods in the
UK and compliance with European guidelines. Sci. Rep. 2017, 7, 17107. [CrossRef]

10. Trevizan, L.; Fischer, M.M.; Rodenbusch, C.R.; Labres, R.V. Effects of diets containing organic and inorganic zinc sources on hair
characteristics, zinc concentration in blood and hair, and the immune response of dogs. Acta Sci. Vet. 2013, 41, 1154.

11.  AAFCO. Official Publication of the Association of American Feed Control Officials Incorporated; Bachman, PM., Ed.; AAFCO: Champaign,
IL, USA, 1998; pp. 237-238.

12.  Byrne, L.; Hynes, M.].; Connolly, C.D.; Murphy, R.A. Influence of the chelation process on the stability of organic trace mineral

supplements used in animal nutrition. Animals 2021, 11, 1730. [CrossRef]


https://doi.org/10.4103/2277-8632.158577
https://doi.org/10.2174/156802611796235107
https://doi.org/10.1093/jn/124.suppl_12.2535S
https://www.ncbi.nlm.nih.gov/pubmed/7996232
https://doi.org/10.1021/acs.jafc.8b02552
https://doi.org/10.1007/s00003-018-1178-5
https://doi.org/10.3390/molecules25215173
https://www.ncbi.nlm.nih.gov/pubmed/33172044
https://doi.org/10.1038/s41598-017-17159-7
https://doi.org/10.3390/ani11061730

Animals 2025, 15, 2662 11 of 11

13.

14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.
35.

Klotz, L.O.; Kroncke, K.D.; Buchczyk, D.P; Sies, H. Role of copper, zinc, selenium and tellurium in the cellular defense against
oxidative and nitrosative stress. J. Nutr. 2003, 133, 14485-1451S. [CrossRef]

Ogawa, Y.; Kinoshita, M.; Shimada, S.; Kawamura, T. Zinc and skin disorders. Nutrients 2018, 10, 199. [CrossRef]

Ogawa, Y.; Kinoshita, M.; Shimada, S.; Kawamura, T. Zinc in keratinocytes and langerhans cells: Relevance to the epidermal
homeostasis. J. Immunol. Res. 2018, 2018, 5404093. [CrossRef] [PubMed]

Mathew-Steiner, S.S.; Roy, S.; Sen, C.K. Collagen in wound healing. Bioengineering 2021, 8, 63. [CrossRef] [PubMed]
Wintergerst, E.S.; Maggini, S.; Hornig, D.H. Contribution of selected vitamins and trace elements to immune function. Ann Nutr.
Metab. 2007, 51, 301-323. [CrossRef] [PubMed]

Diez-Tercero, L.; Delgado, L.M.; Bosch-Rué, E.; Perez, R.A. Evaluation of the immunomodulatory effects of cobalt, copper and
magnesium ions in a pro inflammatory environment. Sci. Rep. 2021, 11, 11707. [CrossRef]

Olivares, C.; Solano, F. New insights into the active site structure and catalytic mechanism of tyrosinase and its related proteins.
Pigment. Cell Melanoma Res. 2009, 22, 750-760. [CrossRef]

Lowe, ]J.A.; Wiseman, J.; Cole, D.J.A. Zinc source influences zinc retention in hair and hair growth in the dog. J. Nutr. 1994, 124,
25755-2576S. [CrossRef]

Pereira, A.M.; Guedes, M.; Matos, E.; Pinto, E.; Almeida, A.A.; Segundo, M.A,; Correia, A.; Vilanova, M.; Fonseca, A.].M.; Cabrita,
A.R]. Effect of zinc source and exogenous enzymes supplementation on zinc status in dogs fed high phytate diets. Animals 2020,
10, 400. [CrossRef]

Amundson, L.A.; Millican, A.A.; Swenson, E.; McGilliard, M.L.; Tomlinson, D. Effect of supplemental trace mineral source on
haircoat and activity levels in senior dogs. Animals 2025, 15, 686. [CrossRef]

Regulations, Animal Welfare. “Animal Welfare Act.”. Animal Welfare Act. 2013. Available online: https://www.montana.edu/
ric/documents/iacuc/ Animal%?20Care%20Blue%20Bo0k%20-%202013%20-%20FINAL.pdf (accessed on 15 July 2025).

Gao, S.; Yin, T.; Xu, B.; Ma, Y.; Hu, M. Amino acid facilitates absorption of copper in the Caco-2 cell culture model. Life Sci. 2014,
109, 50-56. [CrossRef]

Sauer, A.K.; Pfaender, S.; Hagmeyer, S.; Tarana, L.; Mattes, A.-K.; Briel, F.; Kiiry, S.; Boeckers, T.M.; Grabrucker, A.M. Characteri-
zation of zinc amino acid complexes for zinc delivery in vitro using Caco-2 cells and enterocytes from hiPSC. Biometals 2017, 5,
643-661. [CrossRef]

Hendriks, W.H.; Moughan, PJ.; Tarttelin, M.FE. Body composition of the adult domestic cat (Felis catus). J. Anim. Physiol. Anim.
Nutr. 1997, 77, 16-23. [CrossRef]

Campigotto, A.J.; Poljak, Z.; Stone, E.A.; Stacey, D.; Bernardo, T.M. Investigation of relationships between body weight and age
among domestic cats stratified by breed and sex. J. Am. Vet. Med. Assoc. 2019, 255, 205-212. [CrossRef]

Ryder, M.L. Seasonal changes in the coat of the cat. Res. Vet. Sci. 1976, 21, 280-283. [CrossRef]

Hendriks, W.H.; Tarttelin, M.F.; Moughan, P.J. Seasonal hair growth in the adult domestic cat (Felis catus). Comp. Biochem. Physiol.
Part A Physiol. 1997, 116, 29-35. [CrossRef]

Baker, K.P. Hair growth and replacement in the cat. Br. Vet. J. 1974, 130, 327-335. [CrossRef]

Hendriks, W.H.; Tarttelin, M.E; Moughan, P.J. Seasonal hair loss in adult domestic cats (Felis catus). J. Anim. Physiol. Anim. Nutr.
1998, 79, 92-101. [CrossRef]

Lloyd, D.H.; Patel, A. Structure and function of the skin. In BSAVA Manual of Canine and Feline Dermatology; BSAVA Library:
Gloucester, UK, 2012; pp. 1-11.

Rajput, R. A Scientific Hypothesis on the Role of Nutritional Supplements for Effective Management of Hair Loss and Promoting
Hair Regrowth. J. Nutr. Health Food Sci. 2018, 6, 1-11. [CrossRef]

Isaac, L.S.; Dawson, ].H. Haem iron-containing peroxidases. Essays Biochem. 1999, 34, 51-69. [CrossRef] [PubMed]

Zelko, LN.; Mariani, T.].; Folz, R.J. Superoxide dismutase mutigene family: A comparison of the CuZn-SOD (SOD1), Mn-SOD
(SOD2), and EC-SOD (SOD3) gene structures, evolution and expression. Free Radic. Biol. Med. 2002, 33, 337-349. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/jn/133.5.1448S
https://doi.org/10.3390/nu10020199
https://doi.org/10.1155/2018/5404093
https://www.ncbi.nlm.nih.gov/pubmed/30622978
https://doi.org/10.3390/bioengineering8050063
https://www.ncbi.nlm.nih.gov/pubmed/34064689
https://doi.org/10.1159/000107673
https://www.ncbi.nlm.nih.gov/pubmed/17726308
https://doi.org/10.1038/s41598-021-91070-0
https://doi.org/10.1111/j.1755-148x.2009.00636.x
https://doi.org/10.1093/jn/124.suppl_12.2575S
https://doi.org/10.3390/ani10030400
https://doi.org/10.3390/ani15050686
https://www.montana.edu/ric/documents/iacuc/Animal%20Care%20Blue%20Book%20-%202013%20-%20FINAL.pdf
https://www.montana.edu/ric/documents/iacuc/Animal%20Care%20Blue%20Book%20-%202013%20-%20FINAL.pdf
https://doi.org/10.1016/j.lfs.2014.05.021
https://doi.org/10.1007/s10534-017-0033-y
https://doi.org/10.1111/j.1439-0396.1997.tb00733.x
https://doi.org/10.2460/javma.255.2.205
https://doi.org/10.1016/S0034-5288(18)33336-8
https://doi.org/10.1016/S0300-9629(96)00113-2
https://doi.org/10.1016/S0007-1935(17)35835-9
https://doi.org/10.1111/j.1439-0396.1998.tb00632.x
https://doi.org/10.15226/jnhfs.2018.001132
https://doi.org/10.1042/bse0340051
https://www.ncbi.nlm.nih.gov/pubmed/10730188
https://doi.org/10.1016/S0891-5849(02)00905-X

	Introduction 
	Materials and Methods 
	Animals and Housing 
	Dietary Treatments 
	BW, BCS, Food Disappearance 
	Anesthesia 
	Hair Samples and Measurements 
	Skin and Coat Assessments 
	Statistical Analysis 

	Results 
	BW, BCS, and Food Consumption 
	Hair Length and Shed Hair 
	Haircoat Evaluations 

	Discussion 
	Conclusions 
	References

