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Abstract:

The present study evaluated the effects of dietary supplementation with the tropical seaweeds
Gracilaria salicornia and Turbinaria conoides on blood biochemical parameters, antioxidant
status, and immune responses in adult Labrador dogs, using Cichorium intybus (chicory) as a
reference functional feed ingredient. A 4 x 4 Latin square design was employed using four
adult Labrador Retriever dogs (~7 years; BW 16.48 + 2.63 kg), four dietary treatments, and
four experimental periods of 21 days. Dogs in the control group (CON) received a basal
diet(NRC 2006), while groups CH, TC, and GS were supplemented with chicory, 7. conoides,
and G. salicornia, respectively, at 3% dietary dry matter. Hematological and serum
biochemical parameters remained within normal physiological ranges and were not
significantly affected by dietary treatments (P > 0.05). Serum T3 and T4 concentrations were
comparable among treatments, whereas serum cortisol concentrations were significantly lower
(P < 0.05) in the GS and TC groups than in the control. Catalase and superoxide dismutase
activities were unaffected (P > 0.05); however, supplementation with G. salicornia and T.
conoides significantly increased (P < 0.05) glutathione, glutathione peroxidase, ferric reducing
antioxidant power,serum IgG, serum IgA, and cell-mediated immune response, while
significantly reducing malondialdehyde concentrations. Among the treatments, G. salicornia
produced the most consistent improvements in antioxidant and immune indices, indicating its

potential as a functional dietary ingredient for adult dogs.

Key words: Gracilaria Salicornia, Turbinaria Conoides, Adult Labrador Dogs, Antioxidant,

Immunity.
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1.Introduction

Seaweeds, the marine macroalga possess high biomass productivity and can be cultivated
sustainably. India, a tropical country with a coastline of about 7,500 km, produces
approximately 9.7 million metric tons of tropical marine macroalgae annually (Reddy et al.
2024). Seaweeds are broadly classified into three groups: red, brown, and green algae.
Gracilaria salicornia is one of the most important red seaweeds cultivated in India (Ganesan et
al. 2019), whereas Turbinaria conoides 1s an important brown seaweed species (Shah et al.
2023). These seaweeds possess appreciable nutritional value; G. salicornia contains around
17% protein (Srinivas et al. 2024), while 7. conoides contains approximately 15% protein
(Rasyid et al. 2025), along with a favorable essential amino acid profile. In addition, they are
rich sources of vitamins, minerals, and other essential nutrients that contribute to the overall
health and physiological functions of animals. Beyond their nutritional value, seaweeds are rich
in various bioactive compounds such as polyphenols(Touhamia et al. 2025) pigments (Chakraborty
et al. 2020), sulfated polysaccharides(Rajauria et al. 2021) soluble dietary fibers(Luo et al. 2020),
polyunsaturated fatty acids (PUFAs)( Ginneken et al. 2011). These compounds are known to exert
several biological activities including antioxidant (Michalak et al. 2022), immunomodulatory
activity(Paul et al. 2021), prebiotic(Cui et al. 2020), antidiabetic (Ouahabi et al. 2023),
hypolipidemic (Alagan et al. 2020), antimicrobial(Palaniyappan et al. 2023) and oral
health(Gawor et al. 2018), Among these functional properties, the antioxidant and
immunomodulatory activities of seaweed-derived bioactive compounds have gained
considerable attention due to their ability to mitigate oxidative stress and enhance immune
responses in animals. Oxidative stress occurs due to an imbalance between the production of
reactive oxygen species (ROS) and the antioxidant defense system, which can adversely affect
cellular integrity, metabolic processes, and immune functions. Natural antioxidants derived
from marine resources have been widely explored as potential dietary supplements to improve
antioxidant status and immune competence in animals. Seaweeds, particularly red and brown
macroalgae, are rich in phenolic compounds, sulfated polysaccharides, and pigments such as
carotenoids and phycobiliproteins that exhibit strong antioxidant and immunomodulatory

properties (Michalak et al. 2022;Paul et al. 2021). Although several studies have reported the
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beneficial effects of seaweed supplementation in livestock and aquaculture species, limited
information is available regarding their functional effects in companion animals, particularly
dogs. Srinivas et al. (2024) reported that dietary supplementation of tropical seaweeds improved
antioxidant status and gut health in dogs. Similarly, Cabrita et al. (2023) demonstrated that
dietary inclusion of selected microalgae improved gut health status and feed acceptability in
dogs without negatively affecting nutrient digestibility. However, systematic studies evaluating
the antioxidant and immunomodulatory effects of tropical macroalgae in canine nutrition
remain scarce. Dogs are susceptible to oxidative stress associated with ageing, environmental
challenges and metabolic activity. Gracilaria salicornia and Turbinaria conoides contain
various bioactive constituents such as sulfated polysaccharides, polyphenols, and other
functional metabolites that may contribute to antioxidant defense and immune regulation.
Considering the rich bioactive composition of these seaweeds, it was hypothesized that their
dietary supplementation could enhance antioxidant status and modulate immune responses in
dogs. Therefore, the present study was undertaken to evaluate the effects of dietary
supplementation with Gracilaria salicornia and Turbinaria conoides on antioxidant status and

immune responses in adult Labrador dogs.
2.Material and method:

The study was conducted at the experimental kennel facility of the Division of Animal
Nutrition, ICAR-Indian Veterinary Research Institute (ICAR-IVRI), Izatnagar, Uttar Pradesh,
India, where the experimental dogs were maintained under standard management practices
and routine veterinary care. All experimental procedures were approved by the Institutional
Animal Ethics Committee (IAEC) of ICAR-IVRI (Approval No. V-137(21)/4/2024-CPCSEA-
DADF) and were conducted in accordance with the guidelines of the Committee for the
Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of
India. Upon completion of the experiment, all dogs were retained at the institutional kennel

under routine management and veterinary supervision.
2.1 Animal, Experimental design

The study was conducted by using a 4 x 4 Latin square design, involving a four adult Labrador
Retriever dogs ,( 7 yr and BW. 16.48 + 2.63 kg). The design consisted of four dietary
treatments (T1= only basal diet, T2 = basal diet + 3% DM Chicory, T3=basal diet + 3% DM

3
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T. Conoides, T4=basal diet + 3% DM G .Salicornia ) and four 21-day periods, with the final
four days of each period allocated for sample collection. A 15 days adaptation period is also
provided before the start of experiment and 7-day washout period is allotted after each

treatment period.
2.2 Dogs housing and their management

The dogs involved in the study were housed in individual kennels to ensure precise monitoring
and control over dietary intake and health parameters. Each kennel was equipped with
adequate ventilation, temperature control, and comfortable bedding to ensure the well-being
of the dogs. Prior to the start of the experiment, all dogs went through a comprehensive
veterinary examination, including deworming and vaccination against common canine
diseases. Fresh water was provided ad libitum to each dog in clean, easily accessible bowls,
ensuring they remained hydrated throughout the study . The housing and management
practices were designed to minimize stress and ensure reliable data collection throughout the

study.

2.3 Feeding management

The basal diet was formed according to the recommendation of NRC 2006 (18% CP and 4000
kcal ME) . The dog’s daily food requirements were calculated based on their maintenance
energy needs (130 x BW?-7° kcal).The diet includes rice, crushed wheat, soybean meal, Bengal
gram, and soybean oil, all of which are cooked under 15 Ibs. of pressure for 20 minutes in a
pressure cooker. In addition, each dog is given 220 mL of boiled whole milk, one boiled egg,
and 2 g of a mineral mixture daily to meet their nutritional needs (Table 1).The dogs are fed
twice a day, with their daily food and supplements requirements divided into two equal
portions. After cooking, the supplements are mixed into the food before feeding. The
chemical composition of the basal diet(table 2) is near to the standard recommended
maintenance diet of adult dogs. seaweed powders ( G. salicornia and T. conoides) procured
from the Aquagri Processing Pvt Ltd, New Delhi, India. Powder was prepared by drying fresh
seaweed and then grinded using a hammer mill, while chicory powder was sourced from R.
A. contractors’ chicory processors Etah (UP) India and was prepared from sun-dried chicory,

which was then ground using a grinder.
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2.4 Analysis of bioactive compounds and antioxidant potential of supplements

Total phenolic content (TPC) was determined using a two-step procedure involving extraction
of phenolic compounds with boiling 95% ethanol as described by Saggu et al. (2014),
followed by quantification using the Folin—Ciocalteu assay (Arabshahi-Delouee and Urooj,
2007), with absorbance recorded at 760 nm and results expressed as gallic acid equivalents
(GAE).Total flavonoid content (TFC) was measured using the aluminum chloride colorimetric
method according to Woisky and Salatino (1998), where the extract was mixed with methanol
and 5% AICIs solution, incubated for 30 min at room temperature, absorbance was measured
at 425 nm, and the results were expressed as quercetin equivalents (QE).The antioxidant
potential of the supplements was evaluated using ABTS and FRAP assays. In the ABTS
assay, the ABTS radical cation was generated by reacting ABTS with potassium persulfate
and incubating the mixture in the dark for 12 h, and antioxidant activity was determined by
measuring the decrease in absorbance at 744 nm and expressed as percentage inhibition of
ABTS radicals. Ferric reducing antioxidant power (FRAP) was determined according to the
method of Thaipong et al. (2006), based on the reduction of the Fe**~TPTZ complex to Fe**—

TPTZ under acidic conditions, with absorbance measured at 593 nm.

2.5 Serum hormones

Serum hormones T3 and T4 was determined using the BIOGENIX. INC.PVT. LTD ELISA
test kit. This kit test works on a competitive, one-step incubation principle. T3 and T4 in the
sample competes with HRP-conjugated T3 and T4 antigen for binding to anti-T3 and T4
antibodies pre-coated in the wells respectively . After washing chromogen is added, and the

resulting color intensity is measured at 450nm.Serum Cortisol levels were measured using the

GENLISATM ELISA kit (KRISHIGEN Biosystems).

2.6 Antioxidant and Immune response Analysis

At the end of each experimental period, approximately 2 mL of blood was aseptically collected
from the cephalic vein of each dog into Eppendorf tubes containing acid citrate dextrose
(ACD) as an anticoagulant for erythrocyte antioxidant assays. The samples were processed

immediately by centrifugation to separate erythrocytes. The packed erythrocytes were washed
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three times with isotonic saline, and hemolysates were prepared for the estimation of
antioxidant parameters. Reduced glutathione (GSH) concentration in erythrocytes was
determined using 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) following the method of Prins
and Loos (1969). Lipid peroxidation was estimated in erythrocyte hemolysates as
thiobarbituric acid reactive substances (TBARS) according to Placer et al. (1966), while
catalase (CAT) activity was measured spectrophotometrically following the method of Aebi
(1983). Glutathione peroxidase (GSH-Px) activity was determined following the method of
Rotruck et al. (1973).For serum antioxidant assays, blood was collected separately into clot
activator tubes, allowed to clot at room temperature, and centrifuged to obtain serum, which
was stored at —20°C until analysis. Superoxide dismutase (SOD) activity was estimated using
a commercial assay kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's
instructions. Ferric reducing antioxidant power (FRAP) was determined following the method
of Thaipong et al. (2006).Cell-mediated immune response (CMI) was evaluated using
phytohemagglutinin-P (PHA-P) as described by Pawar et al. (2017). Briefly, 50 pg of PHA-P
was injected intradermally into the inguinal region on the final day of each experimental
period, and skin thickness was measured using a digital vernier caliper at 0, 6, 12, 24, 48, and
72 h post-injection. The increase in skin thickness relative to the baseline (0 h) measurement
was considered the index of cell-mediated immune response. Humoral immune response was
assessed by estimating serum immunoglobulin G (IgG) and immunoglobulin A (IgA)
concentrations using canine-specific ELISA kits (KRISHGEN BioSystems, Mumbai, India)
according to the manufacturer's instructions. Serum cortisol concentration was also
determined using a canine cortisol ELISA kit (KRISHGEN BioSystems, Mumbai, India)

according to the manufacturer's instructions.
2.7 Statistical analysis

The data were analyzed using the General Linear Model procedure of SPSS (version 26.0;
SPSS Inc., USA), following the standard statistical methods outlined by Snedecor and
Cochran (1994). A univariate ANOVA was performed, with treatment means separated by
Tukey’s Honestly Significant Difference (HSD) test. Results were considered significant at
P<0.05, and trends were noted for mean differences at P<0.10. Pearson’s correlation

coefficient (1) relationships assessed by using SPSS Statistics version 26.0.



179  3.Results

180 3.1 Functional properties and antioxidant potential of basal diet and supplements.

181 The nutrient composition of the basal diet and the supplements (Cichorium intybus,
182 Turbinaria conoides, and Gracilaria salicornia) is presented in Table 2, showing variations in
183 proximate composition among the diets. Among the supplements, bioactive components

184 differed markedly. Gracilaria salicornia exhibited the highest levels of total phenolics (55.4
185 mg GAE g' DM) and flavonoids (3.64 mg QE g' DM), followed by Turbinaria conoides,
186 while Cichorium intybus and the basal diet showed comparatively lower values(Fig.l).
187 Consistent with these findings, antioxidant activity measured through ABTS inhibition and

188 FRAP assays was also highest in G. salicornia, followed by T. conoides (Fig.2).
189 3.2 DMI ,body weight , palatability, digestibility

190 Feed intake and apparent total tract digestibility of dry matter (DM), organic matter (OM),
191 crude protein (CP), crude fiber (CF), total carbohydrates (TCHO), ether extract (EE), and
192 nitrogen-free extract (NFE) were comparable among the experimental groups (P > 0.05).
193 Similarly, palatability scores and body mass change did not differ significantly among
194 treatments (P > 0.05).However, the daily intake of total phenolic content (TPC) and
195 flavonoids differed significantly among treatments (P < 0.001). The intake was significantly
196 higher in GS, followed by TC and CH, compared to the CON group(Table 3).

197 3.3 Antioxidant and Immunity

198 Data pertaining to the antioxidant and immune status of the experimental dogs are presented
199 in Table.4 The activities of catalase (CAT) and superoxide dismutase (SOD) did not differ
200 significantly among the dietary groups (P > 0.05). In contrast, serum reduced glutathione
201 (GSH), ferric reducing antioxidant power (FRAP), and glutathione peroxidase (GSH-Px)
202 activity increased significantly (P < 0.001), whereas erythrocytic malondialdehyde (MDA)
203 concentration decreased significantly (P < 0.001) in the supplemented groups. Among the
204 dietary treatments, dogs supplemented with Gracilaria salicornia (GS) exhibited the highest
205 GSH, FRAP, and GSH-Px values, while both seaweed-supplemented groups (TC and GS)
206 showed significantly lower MDA concentrations than the control and chicory (CH) groups,

207 indicating improved antioxidant status (Fig. 3).



208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

225

226
227
228
229

230

231

232
233
234
235
236

Humoral immune response was significantly influenced by dietary supplementation. Serum
immunoglobulin G (IgG) concentration was higher (P < 0.001) in all supplemented groups
than in the control, with the highest value observed in the GS group. Similarly, serum
immunoglobulin A (IgA) concentration was significantly greater (P = 0.021) in the TC and
GS groups than in the CON and CH groups (Fig.4). Cell-mediated immune (CMI) response,
measured as absolute skin induration and relative (% increase over the baseline, 0 h) skin
thickness following phytohemagglutinin-P (PHA-P) injection, was significantly higher in the
TC and GS groups than in the CON group. Although the CH group showed a numerical
increase compared with the control, the difference was not significant. Maximum skin
induration was observed 12 h after PHA-P administration, followed by a gradual decline over
the subsequent observation period (Fig. 5).Regression analysis of the total daily phenolic
intake from the dietary supplements revealed significant positive associations with serum
GSH concentration (P = 0.0074) and skin thickness (P = 0.0467), and a negative association
with erythrocytic MDA concentration (P = 0.0327) (Fig. 7). Similarly, flavonoid intake was
positively associated with serum GSH concentration (P = 0.0350) and cell-mediated immunity
(P =0.0018), while exhibiting a negative association with erythrocytic MDA concentration (P
=0.0060) (Fig. 8).

3.3 Serum hormone profile

Data pertaining to serum concentrations of T3, T4 and cortisol presented in Table.5 showed
that T3 and T4 levels were not influenced by dietary supplementation (P > 0.05). However,
serum cortisol concentration was significantly higher in the control (CON) group compared to

the supplemented groups (P < 0.001) (Fig. 6).

4.Discussion:

4.1 Functional Phytochemicals and antioxidant potential of supplements

Phenolic compounds and flavonoids are important functional constituents that contribute
significantly to the antioxidant potential of dietary supplements. Although chicory is widely
recognized for its prebiotic properties, it also contains appreciable amounts of phenolic and
flavonoid compounds that contribute to its antioxidant and immunomodulatory activities, as

evidenced by ABTS inhibition and FRAP assays (Hassan et al. 2010; Lepczynski et al. 2021).
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However, seaweeds such as Gracilaria salicornia and Turbinaria conoides generally possess
higher concentrations of these bioactive compounds than chicory. Previous studies on
Gracilaria species have reported phenolic contents ranging from 7.34 to 400 mg/100 g DM
(Kim et al. 2023; Ramezanpour et al. 2021) and flavonoid contents between 2.12 and 18.97
mg/g DM (Smita et al. 2022; Chan et al. 2015). Similarly, in Turbinaria species, phenolic
content has been reported to range from 1.61 to 35.1 mg/100 g DM, while flavonoid levels
vary between 0.3 and 2.3 mg/g DM (Hans et al. 2023; El-Shenody et al. 2019). The phenolic
and flavonoid contents observed in the present study are consistent with these earlier findings,
demonstrating higher levels in Gracilaria salicornia and Turbinaria conoides compared with
chicory and the control diet. These results suggest that supplementation with GS and TC may

provide greater antioxidant potential than chicory.

4.2 Antioxidant Profile

The serum ferric reducing antioxidant power (FRAP) assay demonstrated a significant
improvement in the overall antioxidant capacity of dogs supplemented with functional feed
additives, with the highest values observed in the Gracilaria salicornia (GS) group, followed
by the Turbinaria conoides (TC) and chicory (CH) groups compared with the control. FRAP
reflects the cumulative reducing capacity of plasma antioxidants by measuring their ability to
reduce ferric (Fe**) ions to ferrous (Fe*') ions and is therefore considered an indicator of
systemic antioxidant potential. The higher FRAP values in the GS and TC groups indicate that
these seaweeds enhanced systemic antioxidant defenses, corroborating previous reports of
improved antioxidant capacity following supplementation with chicory (Lepczynski et al.
2021; Shang et al. 2018), Turbinaria species (Wang et al. 2010; Chattopadhyay et al. 2010;
Vijayabaskar et al. 2012), and Gracilaria species (Chan et al. 2015; Di et al. 2017).

The superior antioxidant response observed in the GS and TC groups is attributable to their
greater intrinsic antioxidant potential, as evidenced by the higher total phenolic content, ferric
reducing antioxidant power, and ABTS radical-scavenging activity of the seaweeds compared
with chicory. Unlike chicory, whose antioxidant effects are largely mediated indirectly
through modulation of gut microbiota and increased short-chain fatty acid production
(Jurgonski et al. 2012), Gracilaria salicornia and Turbinaria conoides are rich sources of

phenolics, flavonoids, carotenoids and sulfated polysaccharides that directly scavenge reactive
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oxygen species, donate hydrogen atoms or electrons, chelate transition metals and reinforce
endogenous antioxidant defenses (Shahidi and Wanasundara, 1992; Wang et al. 2010; Wu et
al. 2017; Banjarnahor and Artanti, 2014). These mechanisms are further supported by the
regression analysis, which demonstrated positive associations between dietary phenolic and
flavonoid intake and serum GSH concentrations, together with negative associations with

serum MDA concentrations (Fig. 6 and 7).

Consistent with the FRAP results, dogs supplemented with GS and TC exhibited significantly
higher serum reduced glutathione (GSH) concentrations than those fed the control diet,
whereas the CH group showed an intermediate response. Reduced glutathione is the principal
intracellular non-enzymatic antioxidant that directly scavenges reactive oxygen species while
serving as the major reducing substrate for glutathione-dependent antioxidant enzymes,
thereby maintaining cellular redox homeostasis (McMichael et al. 2007). Consequently,
elevated serum GSH concentrations indicate an improved antioxidant defense system and
greater capacity to counter oxidative stress. Similar increases in GSH have been reported in
Labrador dogs supplemented with Gracilaria salicornia (Srinivas et al. 2024), Wistar rats
receiving carrageenan, which also exhibited enhanced glutathione-S-transferase activity and
reduced lipid peroxidation (Sanjivkumar et al. 2020), and experimental models supplemented
with Turbinaria polysaccharides (Bhardwaj et al. 2021; Chale-Dzul et al. 2015). Comparable
improvements have also been observed following chicory or inulin supplementation in broiler
chickens and laying hens (Fathi et al. 2024; Shang et al. 2018), indicating that both seaweed-

and chicory-derived bioactive compounds can strengthen endogenous antioxidant defenses.

Consistent with the increased GSH concentrations, serum GSH-Px activity was also
significantly elevated in dogs supplemented with GS and TC, with the GS group exhibiting
the highest enzyme activity (P<0.05). Glutathione peroxidase is a selenium-dependent
antioxidant enzyme that catalyzes the reduction of hydrogen peroxide and lipid
hydroperoxides into water and corresponding alcohols using GSH as an electron donor,
thereby preventing oxidative damage to cellular membranes (Rotruck et al. 1973; Surai,
2016). The concurrent increase in both GSH concentration and GSH-Px activity suggest
coordinated enhancement of the glutathione antioxidant system. Increased GSH availability

provides the reducing equivalents required for efficient GSH-Px activity, facilitating rapid

10
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detoxification of reactive oxygen species and lipid hydroperoxides before they initiate lipid
peroxidation. This response is likely mediated by the synergistic action of seaweed-derived
phenolics, flavonoids, carotenoids and sulfated polysaccharides, which directly neutralize
reactive oxygen species and reduce oxidative burden. In addition, marine macroalgae can
accumulate selenium, an essential cofactor required for the synthesis and catalytic activity of
glutathione peroxidase (Belda-Antoli et al. 2025), while seaweed-derived polyphenols and
sulfated polysaccharides have been reported to activate the nuclear factor erythroid 2-related
factor 2 (Nrf2)-antioxidant response element (ARE) signaling pathway, thereby promoting
glutathione biosynthesis and antioxidant enzyme expression (Chen et al. 2024; Wang et al.
2013). Together, these mechanisms may have contributed to the enhanced glutathione-
dependent antioxidant response observed in the present study. Similar improvements in
glutathione-dependent antioxidant enzymes have been reported following supplementation
with seaweed polysaccharides (Bhardwaj et al. 2021) and chicory extract, which increased
GSH-Px activity together with catalase and superoxide dismutase in broiler chickens (Abo et
al. 2023). Collectively, these findings indicate that Gracilaria salicornia, owing to its richer
profile of antioxidant phytochemicals, provides the greatest enhancement of GSH-Px activity,

with comparable benefits to Turbinaria conoides for GSH and MDA responses.

The enhancement of the glutathione antioxidant system was accompanied by a significant
reduction in serum malondialdehyde (MDA) concentrations in dogs supplemented with
Gracilaria salicornia and Turbinaria conoides, with both groups showing comparably low
values that did not differ significantly from each other. Malondialdehyde, a stable end product
of polyunsaturated fatty acid peroxidation, is widely recognized as a reliable biomarker of
oxidative stress and membrane damage (Saleh et al. 2022). Therefore, the lower MDA
concentrations indicate that supplementation with seaweed-derived bioactive compounds
effectively attenuated lipid peroxidation and protected cellular membranes against oxidative
injury.

The reduction in MDA is likely attributable to the coordinated enhancement of both enzymatic
and non-enzymatic antioxidant defenses. Increased serum GSH concentrations together with
elevated GSH-Px activity would facilitate rapid detoxification of hydrogen peroxide and lipid

hydroperoxides before they initiate membrane lipid oxidation. Moreover, the phenolics,

11
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flavonoids and sulfated polysaccharides present in Gracilaria salicornia and Turbinaria
conoides possess potent radical-scavenging and metal-chelating activities that further suppress
oxidative chain reactions (Shahidi and Wanasundara, 1992; Wang et al. 2010; Wu et al. 2017).
This mechanism is further supported by the significant negative association between dietary
phenolic and flavonoid intake and serum MDA concentrations observed in the regression
analysis, indicating that higher dietary antioxidant intake was associated with lower oxidative

damage.

The present findings are consistent with previous studies demonstrating the antioxidant
potential of seaweed supplementation. Srinivas et al. (2024) reported reduced serum MDA
concentrations in Labrador dogs supplemented with Gracilaria salicornia, while Zhang et al.
(2023) observed decreased lipid peroxidation in kittens receiving enzymatically processed
seaweed powder. Likewise, polysaccharide-rich extracts from Gracilaria lemaneiformis (Jiang
et al. 2023) and sulfated polysaccharides from Turbinaria ornata (Bhardwaj et al. 2021)
significantly reduced MDA concentrations in broiler chickens and rats, respectively. Similar
reductions have also been reported following chicory supplementation in broiler chickens
(Fathi et al. 2024), although Gazwi et al. (2022) observed no significant effect, suggesting that
the antioxidant response may vary according to the source, processing method and dietary

inclusion level of the functional ingredient.

Unlike GSH and GSH-Px, serum superoxide dismutase (SOD) and catalase (CAT) activities
were not significantly affected by dietary treatments. These enzymes constitute the primary
enzymatic defense against superoxide radicals and hydrogen peroxide and are generally
upregulated under conditions of substantial oxidative stress rather than in response to dietary
antioxidants alone (Surai, 2016; Halliwell and Gutteridge, 2015). The absence of significant
changes therefore suggests that supplementation with GS, TC and chicory maintained redox
homeostasis without requiring additional induction of these enzymes. Instead, the enhanced
plasma antioxidant capacity, reflected by increased FRAP values together with elevated GSH
concentrations and GSH-Px activity, appears to have provided sufficient protection against

oxidative stress.

Comparable findings have been reported in previous studies. Srinivas et al. (2024) likewise

observed no significant changes in serum SOD or CAT activities in Labrador dogs

12
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supplemented with Gracilaria salicornia, while Gracilaria viridae supplementation did not
alter tissue SOD activity in rats (Barros-Gomes et al. 2018). Similarly, Azizi et al. (2023)
found no significant effect of brown or green seaweed supplementation on SOD or CAT
activities in broiler chickens, and Wang et al. (2019) and Juskiewicz et al. (2011) reported
comparable observations following inulin or chicory polyphenol supplementation.
Collectively, the superior antioxidant response observed in dogs supplemented with Gracilaria
salicornia is attributable to its richer profile of phenolics, flavonoids, carotenoids and sulfated
polysaccharides, which collectively enhance free radical scavenging, reinforce glutathione-
dependent antioxidant defenses and limit lipid peroxidation. These complementary
mechanisms explain the greater increases in FRAP and GSH-Px activity, together with the
marked reduction in MDA shared with Turbinaria conoides, compared with chicory. Overall,
these findings identify G. salicornia as the most effective functional feed ingredient for
enhancing antioxidant status and oxidative resilience in adult dogs, supporting its potential

application in companion animal nutrition.

4.4 Immunity

Supplementation with Gracilaria salicornia (GS) and Turbinaria conoides (TC) at 3% DM
significantly enhanced both humoral and cell-mediated immunity in dogs, as evidenced by
higher serum IgA and IgG concentrations and increased delayed-type hypersensitivity skin
thickness compared with the chicory and control groups. Serum IgA and IgG are
complementary components of humoral immunity, with IgA providing the first line of
protection at mucosal surfaces and IgG mediating systemic immune defense through pathogen
neutralization, opsonization and complement activation (Brandtzaeg, 2013; Schroeder and
Cavacini, 2010). Regression analysis further demonstrated positive associations between
dietary phenolic and flavonoid intake and immune responses. These effects are likely
mediated by the combined action of seaweed-derived phenolics, flavonoids and sulfated
polysaccharides, together with increased production of short-chain fatty acids (SCFAs).
SCFAs promote intestinal epithelial integrity, support leukocyte development and regulate
immune function through activation of G protein-coupled receptors (FFAR2, FFAR3,
GPRI109A and Olfr78) and modulation of histone deacetylases and hypoxia-inducible factor

signalling (Corréa-Oliveira et al. 2016), while seaweed polysaccharides regulate cytokine
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387 production, including IL-6 and TNF-a, thereby promoting antibody production and immune
388 homeostasis (Ren et al. 2017).

389 The present findings are consistent with previous studies demonstrating the
390 immunomodulatory potential of seaweeds. Srinivas et al. (2024) reported enhanced cell-
391 mediated immunity in Labrador dogs supplemented with Gracilaria salicornia. Similarly,
392 polysaccharides from Gracilaria lemaneiformis increased serum IgA and IgG concentrations
393 in broiler chickens (Jiang et al. 2023), whereas sulfated polysaccharides from Turbinaria

394 ornata reduced pro-inflammatory mediators, including IL-6, IL-1B, COX-2 and TNF-a
395 (Bhardwaj et al. 2021). Comparable improvements in humoral immunity have also been
396 reported following supplementation with Kappaphycus alvarezii (Leonard et al. 2010) and
397 chicory, which increased circulating IgG in swine and IgA and IgG titres in broiler chicks

398 (Zhang et al. 2021; Asadi et al. 2014).

399 Collectively, the superior immune response observed in dogs supplemented with Gracilaria
400 salicornia and Turbinaria conoides is attributable to their richer content of phenolics,

401 flavonoids and sulfated polysaccharides, together with enhanced SCFA production, which

402 synergistically promoted antibody production and cell-mediated immunity. These
403 complementary mechanisms explain the greater increases in serum IgA, serum IgG and
404 delayed-type hypersensitivity responses, identifying G. salicornia as the most effective
405 functional ingredient for improving immune competence in companion animals.

406 4.3 Serum hormones

407 The serum concentrations of T3 and T4 were not affected by any of the supplements in this
408 study. Similarly, previous reports have shown that tropical seaweed-based formulations did
409 not influence serum T3 and T4 levels in lactating buffaloes (Maheswari et al. 2021; Dahiphale

410 et al. 2024). Consistent with this finding similar results were reported by Noahsen et al.

411 (2020) in humans, where serum T4 levels remained unchanged in euthyroid individuals
412 supplemented with Japanese and Greenlandic seaweed salads. In contrast, seaweed
413 supplementation has been shown to improve serum T3 and T4 concentrations in certain

414 species, such as chickens (Fan et al. 2020) and juvenile black sea bream (Yu et al. 2020).
415 Additionally, the inclusion of mannan oligosaccharides (MOS) in the basal diet of rabbits
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similarly showed no adverse impact on serum concentrations of these hormones (Basha et al.

2023).

Furthermore, the improvement in antioxidant status and immune function observed in dogs
supplemented with Gracilaria salicornia (GS) and Turbinaria conoides (TC) appeared to
positively influence the reduction in serum cortisol levels. By enhancing cellular defenses and
supporting immune resilience, these compounds likely helped stabilize the internal
environment, reducing the body's need to produce cortisol as a stress response. This was
evidenced by significantly lower serum cortisol levels in the GS and TC groups compared to

the chicory (CH) and control (CON) groups.

Regression analysis further highlighted that the phenolic and flavonoid content of these
seaweed supplements had a negative correlation with serum cortisol levels (Fig 7 and Fig 8).
Similar findings have been reported in rats supplemented with Sargassum hystrix powder, a
functional food for stress management, where reduced serum cortisol levels were observed.
These results are consistent with studies by Maheswari et al. (2021) and Dahiphale et al.
(2024), which demonstrated that tropical seaweed-based formulations reduced serum cortisol
levels in lactating buffaloes. Likewise, a significant decrease in serum cortisol was noted in
weaned piglets supplemented with brown seaweed (Laminaria digitata) (Ribeiro et al.
2023).In contrast, Anderson et al. (2023) reported no effect on serum cortisol in crossbred
calves supplemented with byproducts of three tropical red seaweeds. However,
supplementation of Cichorium intybus was shown to reduce cortisol levels in stress-induced
albino rats (Pasha et al. 2016), and similar results were observed in hybrid catfish
supplemented with inulin (Do et al. 2023).These findings underline the potential of GS and
TC as effective stress-modulating supplements, with possible applications across various

species and stress-related conditions.

Conclusion:

In conclusion, the present study demonstrates that tropical seaweeds, particularly Gracilaria
salicornia and Turbinaria conoides, are promising functional feed additives capable of
enhancing antioxidant status and immune responses in adult Labrador dogs without adversely
affecting nutrient intake or nutrient utilization. Among the tested ingredients, G. salicornia

produced the most consistent improvements across antioxidant and immune parameters, while
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T. conoides showed comparable benefits for glutathione concentration and lipid peroxidation,
suggesting that both seaweeds share overlapping bioactive mechanisms. These findings
provide preliminary evidence supporting the potential use of tropical seaweeds, and G.
salicornia in particular, as natural functional feed ingredients for promoting antioxidant and
immune health in adult dogs. Further studies with larger sample sizes and direct mechanistic
assays are warranted to confirm these observations and clarify the pathways underlying their
functional properties.
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719 Tables

720 Table no 1. Ingredients of basal diet

721

722
723 Ingredients % in diet

724 Rice 30

725 Wheat 23

726 Soyabean meal 14

727 Bengal gram 25
728 Soya oil 6

729 Mineral and vitamin mix. 2

730

731 “Per kg Composition: Vit A - 7,00,000 IU, Vit D;:70,000 IU, Vit E: 250 mg, Zn:9600 mg, Mg: 6000 mg, Mn:1500 mg,
732 Fe:1500 mg, Cu:1200 mg, 1:325 mg, Methionine:1000 mg, Co:150 mg, K:100 mg, Na:5.9 mg, Ca:25.5%, P: 12.75%, S:0.72%

733

734

735

736
737
738
739
740
741
742

743

744

745

746

747
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748
749
750 Table no 2. Nutrients composition and functional properties of basal diet and supplements.
751
752
Basal Cichorium Turbinaria Gracilaria
753 Parameter
diet intybus conoides salicornia
754
755 Organic matter (%) 98.6 93.5 64.4 72.6
756 Crude protein (%) 18.6 12.5 4.87 17.4
757 Ether extract (%) 8.55 1.86 0.75 0.31
758 Crude fibre(%) 2.29 5.96 4.95 9.00
259 Ash (%) 1.45 6.50 35.6 27.4
260 Nitrogen free extract(%) 69.1 73.2 53.9 46.0
61 Total carbohydrates(%) 67.6 79.1 58.8 55.0
7
PME(kcal/kg) 3970 3157.6 2120.7 22454
762
Total phenolic mg GAE g
763 16.1 34.6 41.7 55.4
DM
764 Total flavonoids mg QE g!
765 0.13 1.97 2.21 3.64
DM
766 ABTS inhibition% 123 31 51.3 53.8
767 FRAP mg AAE (100 g'
126.5 408.3 682.3 884.9
768 DM)
769 PME(kcal/kg) 3970 3157.6 2120.7 2245.4
770
771 PCalculated using modified Atwater factors: (3.50 x CP + 8.50 x EE + 3.50 x NFE) NRC (2006).
772
773
774
775
776
777
778
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Table no 3. Nutrient and functional bioactive compound intake, digestibility, and body

weight changes in dogs fed different dietary treatments.

Dietary groups” SEM®  Pvalue
Parameter CON CH TC GS
Palatability 1.25+0.25 1.25+0.25 1.25+0.25 1.25+0.25 0.112 1
Nutrients intake g day!
DM 274.01+4.66  271.13+6.86  276.5£7.65 277.8+7.87 3.14 0.901
OM 259.9+£8.91 255.9+14.7 260.8+£19.9 260.8+17.4 7.07 0.995
CP 40.0+1.9 39.3+£2.8 40.2+3.8 40.1+3.24 5.4 0.996
EE 18.25+0.36 17.93+1.04 18.32+1.19 18.28+1.22 0.45 0.992
CF 7.94+0.59 8.23+0.74 8.14+0.91 8.5£0.41 0313  0.949
NFE 193.52+6.89  190.52+10.17 193.99+14.38 194.14+13.1  5.16 0.995
TCHO 201.79+6.83  198.71+11.09  202.29+15.01 202.31+13.08 5.34 0.996
SDF 4.4°+0.3 5.8+0.6 5.5°+0.7 6.49+0.9 0.25 0.013
Apparent total tract digestibility %
DM 84+1.54 80.8+1.68 81.6+2.26 81.1+0.98 0.822  0.528
OM 82.5+2.18 81.10+2.1 81.5+¢1.91 81.2+0.97 0.84 0.943
CP 85.3+0.51 83.9+0.84 84.1+1.1 84.2+0.45 0.371  0.203
EE 93.9+1.14 87.4+1.67 93.3+1.56 91.5+2.98 1.09 0.133
CF 40.7+£0.539  41.2+1.178 42.1£1.70 41.84£0.715 0.522  0.828
NFE 84.742.13 81.2+2.16 81.6+2.60 81+0.89 0.993  0.564
TCHO 82.9+1.94 79.5+2.07 80+2.64 79.4+0.98 0.963  0.595
Body weight (kg)
0 week 17.2+1.06 17.1+0.95 17.4+0.66 17.5+1.24 0.45 0.992
3 weeks 17.3+1.09 17.2+0.94 17.5+0.66 17.6+1.22 0.447  0.990
Net change 0.07+0.03 0.08+0.06 0.06+0.04 0.14+0.05 0.014 0.210
BCS 5.0+0.08 5.1£0.09 5.0+0.08 5.1£0.08 0.04 0.275

abedMeans with different superscript within a row differs significantly.
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783 “Animal with CON: Feeding of basal diet alone,CH,TC and GS supplemented with Cichorium intybus,
784 G.salicornia and T.Conoides each at the 3%DM of feed respectively. ¥Standard error of the mean

785

786

787

788 Tableno 4. Effects of supplements on the antioxidant profile and immunity status of

789  dogs.

Diet ¢ SEMY
ietary groups value

P
arameter CON CH TC GS

Antioxidant parameter
Hemoglobin (g dL) 8.77+0.15 8.61+0.29 10.8+0.98 9.274+0.39 0.330 0.058
GSH(nmol mg™' Hb) 6.37+0.12° 9.71+0.32° 12.8+0.46° 14.5£1.43¢  0.846  0.001

MDA (nmol mg’!

12.1+0.23¢ 9.7+0.20° 5.95+0.79* 5.49+0.27*  0.731  0.001
Hb)
Catalase U g'Hb 11.9+1.47 13.2+2.85 14.2+1.07 16.2+1.57 0922 0.471
SOD % inhibition 67.3+5.81 52.1+5.60 55.5+5.70 53.3+6.20  2.820 0.210
FRAP Fe* umolL! 442.2+4.92*  5473+6.21°  641.5£3.76° 684.2+4.83¢ 24.10  0.001
GSH-Px(U mL™) 210.3+£3.46*  223.71£3.77® 239.37+£3.71° 245.51£3.92¢ 7.430  0.001
Immunity

Serum IgG (mg dL") 1558.8+£10.5* 1665.9+8.19° 1684.7+10.5° 1728.8+14.6° 16.50  0.001
Serum IgA (mg dL'  195.548.41*  203.8+8.50°  241.9+15.2° 262.4+8.20° 8.50  0.021
Cell mediated immunity

Absolute skin

induration (mm) 4.81* 5.13% 5.36% 5.56°¢ 0.212  0.008
Relative skin
induration (% h 134.9* 144 7% 149.7° 153.3° 1.79  0.0014
value)

790 abedMeans with different superscript within a row differs significantly.

791 “Animal with CON: Feeding of basal diet alone,CH,TC and GS supplemented with Cichorium intybus, G.salicornia and
792 T.Conoides each at the 3%DM of feed respectively.
793 ¥Standard error of the mean.

794
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Table no 5. Effect of tropical seaweed supplementation on serum T3, T4 and cortisol

concentrations in adult Labrador dogs.

Dietary groups* SEMY P value
Parameter CON CH TC GS
Serum hormones (ngdL™')
T3 10.9+1.77 12.9+1.53 14£3.09 16.6+2.5 0.99 0.235
T4 15.9+1.82 18.5£6.03  20.2+1.55 23.8+1.57 1.64 0.420
Cortisol (ngmL™") 48.5°4+2.63 38°+1.65 28.6°+1.45 24.1*+0.16 2.52 <0.001

abed\feans with different superscript within a row differs significantly.

“Animal with CON: Feeding of basal diet alone,CH,TC and GS supplemented with Cichorium intybus,

G.salicornia and T.Conoides each at the 3%DM of feed respectively. ¥Standard error of the mean.
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Fig 2. Comparative antioxidant potential of basal diet and supplements.
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Fig 3. Effect of seaweed supplementation on antioxidant and oxidative stress biomarkers.
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Fig:4 Serum immunoglobulin G (IgG) and immunoglobulin A (IgA) concentrations in adult
Labrador dogs fed the control diet (CON), chicory (CH), Turbinaria conoides (TC), and

Gracilaria salicornia (GS).

853
gm
- CON
ci?
E - G®°
n
© 4=
£ 856
02
=
2= 857
0 T T T 1 | T 858
0 Hrs 6 Hrs 12Hrs 24 Hrs 48Hrs 72Hrs
Period(Hrs) 859

Fig.5 Seaweed supplementation modulates cell-mediated immune response.
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Fig.6 Serum thyroid hormones (T3,T4) and cortisol response to dietary seaweed

supplementation.
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Fig.7 Regression analysis between total phenolic compound intake (mg GAE day') and
malondialdehyde (MDA, nmol mg™" Hb), reduced glutathione (GSH, nmol mg™" Hb), cell-

mediated immunity response (mean % increase skin thickness) and serum cortisol (ng mL™").[m
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