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Abstract

The objectives were to evaluate the effects of different dietary omega-6 to omega-3 (n-6:n-3) fatty acid
ratios during timed Al on fertility and offspring sex ratio in lactating dairy cows. Holstein cows (n=60)
averaging 109 + 10 days in milk (DIM) were randomly assigned to be fed either a greater n-6:n-3 diet
or a lower n-6:n-3 diet for 42 days. All cows were synchronized using a modified Ovsynch protocol.
Although synchronized ovulation rates and pregnancy outcomes were not significantly affected by
treatment, cows fed the lower n-6:n-3 ratio exhibited significantly greater corpus luteum (CL) volume
and cross-sectional area on days 11 and 14 post-TAL indicating enhanced luteal development.
Pregnancy rates following the first AI and cumulative Al, as well as the number of services per
conception, did not differ between treatments. However, maternal dietary fatty acid composition
influenced offspring characteristics. Cows fed the lower n-6:n-3 ratio tended to produce a greater
proportion of female offspring (66.67% vs. 42.90%; p = 0.09). In addition, calves born to cows receiving
the lower n-6:n-3 ratio had greater birth weight than those from cows fed the greater n-6:n-3 ratio
diet. Additionally, the lower n-6:n-3 diet tended to increase milk yield and significantly increased
lactose and solids-not-fat yields. In conclusion, a lower dietary n-6:n-3 ratio during a TAI program
improves fertility potential by enhancing luteal development and may favor female offspring
production while supporting lactation performance.

Keywords: polyunsaturated fatty acids; omega-3; omega-6; fertility; dairy cows; sex ratio

1. Introduction

Reproductive efficiency is a central determinant of sustainability and profitability in dairy
production systems, as it directly influences herd replacement rate, genetic progress, and lifetime
productivity of dairy cows. Infertility remains a leading cause of involuntary culling in dairy herds
worldwide, with rates often exceeding 35% of total herd removals in many production systems [1].
Impaired reproductive performance is commonly associated with postpartum disorders, such as
retained placenta and uterine infections, as well as prolonged negative energy balance (NEB) during
early lactation. NEB disrupts endocrine homeostasis by reducing circulating concentrations of
luteinizing hormone (LH), glucose, insulin, and insulin-like growth factor I (IGF-I), while increasing
non-esterified fatty acids (NEFA), thereby impairing ovarian steroidogenesis and compromising
fertility [2]. These metabolic and physiological disturbances contribute to early embryonic loss,
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particularly within the first 28 days of pregnancy, resulting in reduced conception rates and extended
calving intervals [3,4]. Beyond its direct impact on fertility, reproductive failure also indirectly
constrains milk production and limits opportunities for herd expansion through reduced availability
of female replacements.

Nutritional management plays a pivotal role in regulating reproductive performance,
particularly during early and mid-lactation when cows experience high metabolic demands and are
susceptible to NEB. Among nutritional factors, dietary fatty acids (FAs) have gained increasing
attention due to their involvement in metabolic regulation, hormone synthesis, and reproductive
physiology. Although energy balance is widely recognized as a primary determinant of reproductive
outcomes [5-8], accumulating evidence indicates that fat supplementation can enhance reproductive
performance independently of increased energy intake [9-11]. These findings suggest that specific
FAs, beyond their caloric contribution, may directly modulate reproductive biology in cattle. Fatty
acids serve not only as concentrated energy sources but also as key regulators of cellular function
[12], metabolic pathways [13], immune system [14], and hormone responsiveness [15,16].
Structurally, FAs are classified according to the number of double bonds into saturated,
monounsaturated, and polyunsaturated fatty acids (PUFAs) [17]. PUFAs are further categorized into
n-6 and n-3 families based on the position of the first double bond from the methyl (omega) end
[17,18]. PUFAs, particularly omega-6 and omega-3, exert distinct and often opposing effects on
reproductive processes through their influence on steroidogenesis and prostaglandin metabolism
[19]. Omega-6 PUFAs, such as linoleic acid (LA; C18:2 n-6) and its derivative arachidonic acid
(C20:4n-6), serve as precursors for prostaglandin Foa (PGF.x), a key mediator of luteolysis and
estrous cycle regulation. In contrast, omega-3 PUFAs, including a-linolenic acid (ALA; C18:3n-3) and
its longer-chain derivatives eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have been
shown to reduce PGF.a synthesis, prolong corpus luteum lifespan, enhance progesterone
production, and improve embryo survival [10,20,21]. Mechanistically, LA and ALA compete for the
same metabolic pathways and cyclooxygenase (COX) enzymes. Increasing dietary ALA may reduce
the availability of LA for conversion into PGF,q, thereby lowering PGF.a concentrations. Reduced
PGFa has been associated with elevated progesterone levels and delayed CL regression [22,23], both
of which are essential for the establishment and maintenance of early pregnancy. Because pregnancy
loss in dairy cattle has been linked to CL regression and embryonic failure [24], modulation of the
dietary n-6:n-3 ratio may represent a practical strategy to enhance reproductive success.

In practical feeding systems, particularly in tropical dairy production systems such as those in
Thailand, concentrate feeds are predominantly formulated using locally available ingredients,
including soybean meal, rice bran, and palm oil by-products. These feedstuffs are inherently high in
n-6:n-3 ratio, resulting in diets characterized by a high n-6:n-3 ratio. Similarly, concentrate-based
rations frequently exhibit an imbalanced n-6:n-3 ratio due to the high inclusion of n-6-rich ingredients
and the limited availability of omega-3 sources [21]. Given that omega-6 and omega-3 PUFAs are
associated with pro-inflammatory and anti-inflammatory pathways, respectively [25], such
imbalance may favor the synthesis of pro-inflammatory mediators and potentially compromise
reproductive performance. Conversely, a more balanced n-6:n-3 ratio has been associated with
improved ovarian function, altered follicular dynamics, enhanced oocyte and embryo quality, and
reduced pregnancy loss [21,26]. Furthermore, supplementation with n-3 and n-6 PUFAs during the
period of maternal recognition of pregnancy has been reported to optimize uterine—conceptus
interactions, enhance early embryo development [27] and elongation [28], first-service conception in
primiparous and multiparous dairy cows [29], reduce embryonic mortality [26,30-32].

Beyond fertility traits, the sex ratio of offspring has important implications for herd
sustainability, as female calves are essential for herd replacement and long-term productivity. Under
natural conditions, the calf sex ratio remains close to 1:1 [33]. Although sexed semen technology can
increase the proportion of female offspring, it is relatively costly and often associated with reduced
conception rates [34]. Emerging evidence suggests that omega-3 fatty acid supplementation during
the breeding period may influence offspring sex ratio in favor of female calves [20]. Although
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previous studies have demonstrated the effects of PUFAs on reproductive performance in dairy
cows, limited information is available regarding the effects of different dietary n-6:n-3 fatty acid ratios
under practical feeding conditions. Moreover, only a few studies have investigated the influence of
PUFAs supplementation on offspring sex ratio in dairy cattle.

Therefore, the objective of this study was to evaluate the effects of dietary supplementation with
differing n-6:n-3 ratios on reproductive performance, pregnancy rate, and offspring sex ratio in
lactating dairy cows. We hypothesized that reducing the dietary n-6:n-3 ratio through targeted
omega-3 supplementation would improve reproductive performance and increase the proportion of
female offspring. The findings of this study aim to provide practical nutritional insights for
optimizing reproductive efficiency and herd sustainability in dairy production systems that rely on
feed ingredients with high n-6:n-3 ratios.

2. Materials and Methods

2.1. Animal Ethics and Experimental Design

All procedures were conducted in accordance with the guidelines approved by the Institutional
Animal Care and Use Committee of Khon Kaen University, based on the Ethics of Animal
Experimentation of the National Research Council of Thailand (IACUC-KKU-141/67). The study was
carried out on dairy farms located in Ban-Kho Subdistrict, Mueang District, Khon Kaen Province,
Thailand.

The study was conducted on four smallholder dairy farms that are members of the Khon Kaen
Dairy Cooperative, located within a 5 km radius in Khon Kaen Province, Thailand. All farms operated
under comparable housing, feeding, and reproductive management systems in accordance with
cooperative training programs. Cows were housed in individual pens (3 x 4 m) in a free-stall barns
with open-sided, natural ventilation, and concrete floors. To ensure animal comfort, each pen was
bedded with sand and provided with adequate space for free movement. All cows were offered the
same forage sources across all farms, consisting of corn silage and rice straw (57% moisture) provided
ad libitum. Free access to clean drinking water and mineralized salt blocks was ensured within each
pen. Milking was performed twice daily in herringbone parlors at 06:00 and 16:00 h. Concentrate was
individually offered during milking based on milk yield at a ratio of 1 kg concentrate per 2 kg of milk
produced. Routine veterinary services were provided through the cooperative, and herd health
records confirmed a low prevalence of mastitis, metritis, and metabolic disorders during the study
period. Prior to the experiment, participating farmers received training in feeding and milking
management. Health monitoring was conducted throughout the study to ensure uniform
management across locations. These management practices minimized potential variation due to
environmental or management differences, allowing the animals to be considered a single
experimental population.

A total of 60 lactating Holstein cows (109 + 10 DIM) were enrolled in the trial. This DIM range
corresponds to the period after the voluntary waiting period (VWP), when cows are eligible for
breeding and metabolic status is relatively stable, making it suitable for evaluating reproductive
responses. Cows were blocked by lactation number (1-2 vs. 3-4) and randomly assigned in a
randomized complete block design (RCBD) to receive either a greater n-6:n-3 diet (n = 30) or a lower
n-6:n-3 diet (n = 30) for 42 days (6 weeks), covering the breeding period. However, one cow from the
lower n-6:n-3 diet group was excluded due to health issues unrelated to the treatment, leaving 29
cows in the n-3 group for final analysis. Diets were formulated to meet NRC recommendations [9].
The lower n-6:n-3 diet was formulated by partially replacing conventional fat sources with a rumen-
protected (bypass) fat rich in n-3 fatty acids, specifically the commercial product HI-FLAX (NOREL,
S.A., Spain), distributed by Natural Nutrients Co., Ltd. In contrast, the control diet reflected typical
on-farm feeding practices and was based on locally available feed ingredients high in n-6:n-3 ratio.

Fatty acid compositions of the experimental diets were analyzed by gas chromatography at the
Central Laboratory (Thailand) Co., Ltd., Bangkok. The greater n-6:n-3 diet contained 7.99 g/kg n-6

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1042.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2026 d0i:10.20944/preprints202604.1042.v1

4 of 18

and 0.48 g/kg n-3 fatty acids (16.7:1 n-6:n-3 ratio), whereas the lower n-6:n-3 diet contained 6.45 g/kg
n-6 and 1.35 g/kg n-3 fatty acids (4.8:1 n-6:n-3 ratio). The chemical compositions of the experimental
diets are presented in Table 1.

Table 1. Chemical composition and fatty acids profiles of the experimental diets

Treatments
Item Greater n-6:n-3 Lower n-6:n-3
(16.7:1) (4.8:1)
Chemical composition (% of DM)
Moist 9.90 10.10
Dry matter 90.10 89.90
Crude protein 24.00 24.48
Fat 4.05 413
NDF 28.26 30.70
ADF 15.27 16.59
ADL 523 5.34
Ash 9.19 8.43
Fatty acids composition (g/100g)
Caprylic acid (C8:0) 0.07 0.06
Capric acid (C10:0) 0.07 0.07
Lauric acid (C12:0) 0.93 0.99
Myristic acid (C14:0) 0.33 0.35
Palmitic acid (C16:0) 0.89 0.73
Stearic acid (C18:0) 0.15 0.35
Arachidic acid (C20:0) 0.02 0.02
Lignoceric acid (C24:0) 0.01 0.01
Saturated Fat 2.47 2.58
Palmitoleic acid (C16:1n7) 0.01 0.01
Oleic acid (C18:1n9c; Omega-9) 1.11 0.82
Eicosenoic acid (C20:1n9; Omega-9) 0.01 -
Monounsaturated fatty acid 1.13 0.83
Linoleic acid (C18:2n6c; Omega-6) 0.80 0.65
Alpha-Linolenic acid (C18:3n3; ALA, Omega-3) 0.05 0.13
Polyunsaturated fatty acid 0.85 0.78
Unsaturated fat 1.98 1.61
Omega-3 (mg/100g) 47.90 134.54
Omega-6 (mg/100g) 798.73 645.45
Omega-9 (mg/100g) 1115.76 824.82
Omega-6 : Omega-3 16.70 4.80

Greater n-6:n-3 = greater dietary n-6:n-3 ratio (16.7:1); Lower n-6:n-3 = lower dietary n-6:n-3 ratio (4.8:1); NDF =
neutral detergent fiber; ADF = acid detergent fiber; ADL = acid detergent lignin.

2.2. Reproductive Management

The reproductive synchronization and monitoring schedule are illustrated in Figure 1. On
approximately day 14 of the experimental period, all cows commenced a modified Ovsynch protocol.
This protocol began with an intramuscular injection of 10 ug of GnRH agonist (Buserelin; Receptal®,
Intervet, New Zealand). Seven days later (day 21), luteolysis was induced with 25 mg of PGFza
(Lutalyse®, Pfizer, USA). A second GnRH dose (10 pg) was administered 56 hours after the PGFz«
treatment (day 23), followed by timed artificial insemination (TAI) 16 hours thereafter (day 24). To
support the subsequent luteal phase and potential pregnancy, all cows received 1,500 IU of hCG
(Choluron®, Pfizer, USA) on day 29 (day 5 post-TAI) [10].
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Figure 1. Flowchart of an experiment design indicating dietary treatment, modified Ovsynch protocol with TAI,
and sample collection. US = ultrasonography, GnRH = gonadotropin releasing hormone (Receptal®), PGF =
prostaglandin Fz« (Lutalyse®), hCG = human Chorionic Gonadotropin (Chorulon®).

2.3. Data and Sample Collection

Feed intake was measured daily using the weigh-back method by recording the feed offered and
refusals to calculate dry matter intake (DMI). Body weight (BW) and body condition score (BCS) were
recorded weekly throughout the 42 days experimental period. BW was estimated using a heart-girth
measuring tape after the morning milking, while BCS was assessed by a trained evaluator using a 5-
point scale with 0.25-unit increments [35]. For a comprehensive metabolic assessment, DMI was also
expressed as a percentage of BW and relative to metabolic body weight (g/kg BW?75). Individual milk
yield was recorded dairy by weighing the milk collected during both morning and afternoon milking.
Milk composition, including fat, protein, lactose, somatic cell counts (SCC), was analyzed biweekly
at the Veterinary Research and Development Center (Upper Northeastern Region), Khon kaen,
Thailand, using MilkoScan 7 RM (Foss Analytical A/S, Hillerod, Denmark). 3.5% fat-corrected milk
(FCM) was calculated as 0.4324 x milk yield (Kg) +16.218 x fat yield (Kg). Energy-corrected milk (ECM) was
calculated using the equation: ECM (kg/day) = Milk yield x (0.124 x fat% + 0.073 x protein% + 0.256),
as recommended by NRC [9].

Ovarian activity was assessed using real-time B-mode ultrasonography with a 7.4 MHz
transrectal probe (DUS 60 Vet, Edan, USA). Ovulation was confirmed by the disappearance of the
dominant follicle and the subsequent formation of the CL following GnRH administration.
Reproductive parameters, including ovulation, follicle size, luteolysis, and CL development, were
evaluated on days 14, 21, and 23 of the experimental periods, and days 5, 8, 11, and 14 post-TAI (days
29, 32, 35, and 38 of the study). Conception was diagnosed on day 42 after TAI (day 66 of the study)
via transrectal ultrasonography. Offspring sex and birth weight were recorded at parturition.

2.4. Statistical Analysis

For variables with repeated measurements, including DMI, milk yield, and milk composition,
data were analyzed using the MIXED procedure of SAS software (version 9.0; SAS Institute Inc., Cary,
NC, USA) with the individual cow as the experimental unit. Reproductive parameters such as
conception rate and offspring sex ratio were analyzed using the GLIMMIX procedure for logistic
regression and chi-square tests. For all continuous data, differences among treatment means were
compared using the least significant difference (LSD) test as described by Steel et al. [36]. Results are
expressed as means and the standard error of the mean (SEM). Statistical significance was declared
at p <0.05, while a tendency was considered at 0.05 > p < 0.10.
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3. Results

3.1. Feed intake, Body Weight, and Body Condition Score

The effects of different dietary n-6 to n-3 fatty acid ratio during timed Al on DMI, BW, and BCS
are presented in Table 2 and Figure 2. Overall, the average DMI of concentrate, roughage, and total
intake did not differ significantly between greater n-6:n-3 and lower n-6:n-3 groups when expressed
as absolute intake (kg/d), percentage of BW (% BW), or relative to metabolic body weight (g/kg BW°7)
(p 2 0.13; Table 2). Specifically, the total DMI for the greater n-6:n-3 and lower n-6:n-3 groups was
13.34 + 0.32 and 14.02 + 0.32 kg/d, respectively (p = 0.20).

However, longitudinal analysis of weekly total DMI revealed a tendency for a treatment effect
(p=0.09; Figure 2), with cows in the lower n-6:n-3 group consistently maintaining numerically higher
intake levels throughout the 6-week experimental period compared to the n-6 group. A significant
effect of week was observed for total DMI (p < 0.0001), reflecting a progressive increase in feed
consumption over time in both groups. However, no significant treatment x week interaction was
detected (p > 0.05), indicating that the pattern of DMI increase over time was similar across both
dietary treatments.

Regarding body reserves, the mean BW remained comparable between the greater n-6:n-3 and
lower n-6:n-3 groups, recorded at 539.62 and 541.13 + 6.85 kg, respectively (p=0.99). Similarly, dietary
treatments did not significantly influence the initial BCS (2.50 + 0.07 for both groups; p = 0.77), the
final BCS (2.65 and 2.71 + 0.07; p = 0.51), or the net BCS change during the study (0.16 and 0.22 + 0.03;
p = 0.23). These results suggest that the source of PUFAs supplementation provided comparable
nutrient intake and maintained a stable energy status across both experimental groups.

Table 2. Effect of greater and lower dietary n-6:n-3 ratios on dry matter intake, body weight, and body condition

score in lactating dairy cows.

Treatments p-value
Item Greater n-6:n-3  Lower n-6:n-3 SEM
(16.7:1) 4.8:1)
Feed intake (DM)
Concentrate
kg/day 7.82 830  0.25 0.35
% BW 1.45 1.55  0.04 0.25
g/kg BWo7 69.58 7415  2.05 0.30
Roughage
kg/d 5.52 572 0.12 0.16
% BW 1.02 1.06  0.02 0.17
g/kg BWos 49.18 5117  1.06 0.13
Total
kg/d 13.34 14.02  0.32 0.20
% BW 2.46 260  0.05 0.17
g/kg BWo75 118.76 125.31 2.54 0.14
BW (kg) 539.62 541.13  6.85 0.99
BCS
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Treatments p-value
Item Greater n-6:n-3 Lowern-6:n-3  SEM
(16.7:1) (4.8:1)
Initial 2.50 250  0.07 0.77
Final 2.65 2.71 0.07 0.51
BCS Change 0.16 022  0.03 0.23

Greater n-6:n-3 = greater dietary n-6:n-3 ratio (16.7:1); Lower n-6:n-3 = lower dietary n-6:n-3 ratio (4.8:1); SEM =
pooled standard error of the mean. DM = dry matter; BW = body weight; BCS = body condition score.

15.0
14.5
14.0
13.5 1

13.0

Total feed intake (kgDM/d)

12.5

12.0 . .
1 2 3 4 5 6

Weeks of experimental

Figure 2. Total feed intake in dairy cows supplemented with greater dietary n-6:n-3 ratio (16.7:1) (A) or lower
dietary n-6:n-3 ratio (4.8:1) (O). Week had a significant effect (p < 0.0001). Treatment tended to affect DMI (p =

0.0989), whereas the treatment x week interaction was not significant (p > 0.05). Error bars represent SEM.

3.2. Milk Yield and Composition

The effects of different dietary n-6 to n-3 fatty acid ratio on milk production and its composition
are summarized in Table 3 and Figure 3. Over the entire experimental period, cows supplemented
with lower n-6:n-3 group showed a tendency toward higher daily milk yield compared to the greater
n-6:n-3 group (19.07 vs. 17.17 kg/d; p = 0.08; Table 3). Analysis of weekly production data revealed a
significant treatment x week interaction (p =0.03; Figure 3), with the lower n-6:n-3 group maintaining
significantly higher production during the first three weeks of the study (p < 0.05). However, no
significant differences were observed between treatments for 3.5% FCM (p = 0.15), ECM (p = 0.13), or
feed efficiency (ECM/DMI; p = 0.41).

Regarding milk composition, no significant differences were observed between the greater n-
6:n-3 group and lower n-6:n-3 group for the percentages of fat, protein, lactose, solids-not-fat (SNF),
and total solids (p > 0.48). Somatic cell counts (SCC) were also similar between groups (p = 0.55),
suggesting that n-6:n-3 ratios did not adversely affect mammary gland health.

Notably, the total daily yields of several milk components were significantly improved by lower
n-6:n-3 group. Cows in lower n-6:n-3 group had a significantly higher lactose yield (0.94 vs. 0.80 kg/d;
p = 0.03) and SNF yield (1.67 vs. 1.45 kg/d; p = 0.05) compared to the greater n-6:n-3 group.
Additionally, lower n-6:n-3 group tended to increase protein yield (0.60 vs. 0.53 kg/d; p = 0.10), while
the difference in total solids yield did not reach statistical significance (p = 0.14).
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Table 3. Effects of greater and lower dietary n-6:n-3 ratios on milk yield and composition in lactating dairy

cows.
Treatments P-value
Item Greater n-6:n-3  Lower n-6:n-3 ~ SEM
(16.7:1) (4.8:1)
Milk yield (Kg/d) 17.17 19.07  0.76 0.08
3.5% FCM (Kg/d) 17.17 19.28  1.02 0.15
ECM (Kg/d) 15.68 17.60  0.88 0.13
Efficiency, ECM/DMI 1.14 1.20 0.05 0.41
Milk composition, %
Fat 3.28 312 19 0.52
Protein 2.99 2.92 0.07 0.48
Lactose 4.49 4.53 0.07 0.58
Solid not fat 8.08 8.06 11 0.98
Total solid 12.47 12.69  0.63 0.96
SCC (x103 cells/mL) 440.7 356.3 153.97 0.55
Milk production, kg/d
Fat yield 0.59 064  0.05 0.43
Protein yield 0.53 0.60 (o3 0.10
Lactose yield 0.80 094 (o4 0.03
Solid not fat yield 1.45 1.67  0.08 0.05
Total solid yield 2.24 264 017 0.14

Greater n-6:n-3 = greater dietary n-6:n-3 ratio (16.7:1); Lower n-6:n-3 = lower dietary n-6:n-3 ratio (4.8:1); SEM =
pooled standard error of the mean. FCM = fat-corrected milk; ECM = energy-corrected milk; SCC = somatic cell
count. 3.5% FCM was calculated as 0.4324 x milk yield (Kg) + 16.218 x fat yield (Kg); ECM was corrected for 4%
fat and 3.4% protein using the equation: Milk yield x (0.124 x fat% + 0.073 x protein% + 0.256), according to NRC

[9].
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Figure 3. Milk yield in dairy cows supplemented with greater dietary n-6:n-3 ratio (16.7:1) (A) or lower dietary
n-6:n-3 ratio (4.8:1) (O). A significant treatment x week interaction was observed (p = 0.03). Asterisks (*) indicate
weeks in which milk production differed between treatments (p < 0.05). Error bars represent SEM.

3.3. Ovarian Dynamics, Reproductive Performance, and Offspring Characteristics

The effects of different dietary n-6 to n-3 fatty acid ratio on ovarian functions, fertility, and
offspring traits are summarized in Tables 4 and 5. Synchronized ovulation rates following the first
and second GnRH injections, as well as luteolysis rates and pre-ovulatory follicle diameter, did not
differ significantly between the greater n-6:n-3 ratio and Lower (n-6:n-3 ratio 4.8:1) groups (p > 0.05;
Table 4). Regarding CL development, the number of CL at all measured time points (days 5, 8, 11,
and 14 post-TAI) was comparable between treatments (p > 0.05). Similarly, CL diameter did not show
significant differences between groups, although a tendency for a larger diameter was observed in
the lower n-6:n-3 ratio on day 11 (p=0.05) and day 14 (p =0.10) post-TALI In contrast, dietary treatment
significantly influenced CL morphometry during the late luteal phase. While no differences were
observed in CL cross-sectional area and volume on days 5 and 8 post-TAI (p >0.05), cows in the lower
n-6:n-3 ratio group exhibited significantly higher CL cross-sectional areas on day 11 (461.94 vs. 380.10
mm?; p = 0.04) and day 14 (560.32 vs. 474.14 mm?; p = 0.03) compared to the greater dietary n-6:n-3
ratio group. Consistently, CL volume was significantly greater in the lower n-6:n-3 ratio group on
day 11 (7,774.80 vs. 5,864.44 mm?; p = 0.03) and day 14 (10,395.00 vs. 7,978.92 mm?; p = 0.007) post-
TAL

Table 4. Effect of treatment on fertility parameters of dairy cows.

Treatments
Item Greater n-6:n-3  Lowern-6:n-3 SEM  p-value
(16.7:1) 4.8:1)

Synchronized ovulation rate

first GnRH, % (no./no.) 53.3 (16/30) 58.6 (17/29) (o9 0.68

second GnRH, % (no./no.) 90.0 (27/30) 96.6 (28/29) 0.04 0.32
Luteolysis (%) 73.3 (22/30) 724(21129) g 0.94
pre-ovulatory follicle (mm) 14.0 131 0.65 0.21
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Treatments
Item Greater n-6:n-3 Lowern-6:n-3 SEM  p-value
(16.7:1) 4.8:1)
Number of CL (n)
d5 post TAI 0.71 0.93 011 0.86
d8 post TAI 0.74 1.00 o011 0.73
d11 post TAI 0.84 1.14 0.11 0.58
d14 post TAI 1.01 1.31 0.11 0.55
CL diameter (mm)
d5 post TAI 16.97 1535 984 017
d8 post TAI 19.51 2121 jgy 0.15
d11 post TAI 21.66 2404 086 005
d14 post TAI 24.61 2658 (g9 0.10
CL cross-sectional area (mm?)
d5 post TAI 246.38 19604 2649 018
d8 post TAI 313.71 366.87  305p 0.16
d11 post TAI 380.100 461.942 30.90 0.04
d14 post TAI 474.14v 560.32* 35 49 0.03
CL volume (mm3)
d5 post TAI 3,195.94 2,316.63 5198 0.28
d8 post TAI 4,405.69 5,657.99 594 60 0.14
d11 post TAI 5,864.44° 7,774.802 610.91 0.03
d14 post TAI 7,978.92° 10,395.00° o700 0.007

Greater n-6:n-3 = greater dietary n-6:n-3 ratio (16.7:1); Lower n-6:n-3 = lower dietary n-6:n-3 ratio (4.8:1); GnRH
= gonadotropin-releasing hormone; TAI = timed artificial insemination; CL = corpus luteum; SEM = pooled
standard error of the mean. a,b least square means within a row with different superscripts differ significantly
(P <0.05).

In terms of reproductive success, pregnancy rates for both the first Al and cumulative AL as well
as the number of services per conception, were not significantly influenced by the source of PUFAs
(p 2 0.37; Table 5). Notably, dietary supplementation differentially n-6:n-3 ratio influenced offspring
characteristics. The proportion of female offspring in the lower n-6:n-3 ratio group was 66.67 %
(18/27), whereas it was 42.90 % (12/28) in the greater n-6:n-3 ratio group, representing a tendency
toward a female-skewed sex ratio (p = 0.09). Furthermore, supplementation with lower n-6:n-3 ratio
significantly increased the birth weight of offspring compared to the greater n-6:n-3 ratio group (34.50
vs. 32.92 kg; p =0.02).

Table 5. Reproductive performance, pregnancy rate per Al, offspring sex ratio and birth weight of offspring

from cows supplemented with greater and lower dietary n-6:n-3 ratio.
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Treatments
Item Greater n-6:n-3 Lower n-6:n-3 SEM  p-value
(16.7:1) 4.8:1)

PR/AIL % (n/n)

First Al 23.33 (7/30) 13.80(4/29) (g 0.37

All AT 96.67 (29/30) 96.55 (28/29) 4 01 1.00
Number of services per
conception, no. 3.33 315 gy 0.73
Female offspring ratio, % (n/n) 42.90 (12/28) 66.67 (18/27) 119 0.09
Weight of offspring (Kg) 32.92b 34.50a 0.54 0.02

Greater n-6:n-3 = greater dietary n-6:n-3 ratio (16.7:1); Lower n-6:n-3 = lower dietary n-6:n-3 ratio (4.8:1); PR/AI
= pregnancy rate per artificial insemination. SEM = pooled standard error of the mean. *» least square means

within a row with different superscripts differ significantly (p < 0.05).

4. Discussion

The findings of the present study demonstrate that reducing the dietary n-6:n-3 fatty acid ratio
to 4.8:1 through rumen-protected n-3 supplementation significantly enhances early lactation milk
production and modifies ovarian dynamics in dairy cows. These improvements, coupled with a
notable shift in the offspring sex ratio toward females, suggest that strategic PUFAs nutrition is a
potent modulator of both metabolic and reproductive functions in tropical dairy production systems.

4.1. Feed Intake and Lactation Performance

Our results indicate that the lower n-6:n-3 ratio dietary did not adversely affect total DMI. This
stability in feed consumption suggests that the use of rumen-protected (bypass) fat effectively
mitigated the typical inhibitory effects of unsaturated fatty acids on rumen microbial fermentation
and fiber digestibility, which are often reported as limiting factors in fat supplementation strategies
[10].

While some studies suggest that an increase in dietary fat, particularly unsaturated fatty acids,
may cause a decrease in DMI [37,38], our findings align with Huang et al. [39], who reported that
supplementation with ground flaxseed (GF) or whole flaxseed (WF) did not affect DMI. This
observation is further supported by a meta-analysis by Leduc et al. [40] and various studies (Do Prado
et al. [41]; Isenberg et al. [42]), suggesting that the amount and form of supplementation are key
factors; in our study, the inclusion level was likely not sufficient to trigger a reduction in DML

Interestingly, the longitudinal analysis of weekly total DMI revealed a tendency for a treatment
effect, with cows in the lower n-6:n-3 ratio group consistently maintaining numerically higher intake
levels. This trend is consistent with Sun et al. [43], who found that high n-3 PUFAs supplementation
significantly increased DMI during the transition period. Such an increase in DMI may be associated
with various internal factors, including optimized fermentation parameters, bacterial abundance, and
specific gene expression [43].

Moreover, previous reports by Petit et al. [44] and Zachut et al. [45] also noted that cows fed
diets rich in unsaturated fatty acids (FA) showed higher DMI and milk yield compared to those fed
saturated FA. However, the effect of n-3 PUFA on intake remains variable across the literature; for
instance, Chilliard et al. [46] reported a decrease in DMI with high levels of extruded flaxseed in late
lactation. These inconsistencies likely stem from differences in supplement concentration, the
lactation stage of the cows, or interactions between dietary supplements and other components
[43,46].
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Regarding lactation performance, the lower n-6:n-3 ratio group in the present study exhibited
an 11.1% increase in average milk yield compared to the greater n-6:n-3 ratio group (19.07 vs. 17.17
kg/d). This production boost corroborates the dramatic increase in milk production reported by Sun
et al. [43] and findings by Moallem et al. [47]. While Huang et al. [39] observed no significant effect
on milk yield in their specific dietary setup, they noted that the high energy content of flaxseed oil
can often balance dietary energy, but this effect is highly dependent on the basal diet type. In contrast,
our study found a significant elevation in lactose yield and SNF yield in the lower n-6:n-3 ratio group.

Physiologically, lactose serves as the primary osmotic regulator of milk volume by drawing
water into the mammary alveolar lumen through an osmotic gradient. Consequently, the higher
lactose yield observed in the lower n-6:n-3 ratio group provides a mechanistic explanation for the
increased milk volume. This suggests that the lower n-6:n-3 ratio, particularly EPA and DHA derived
from the conversion of ALA, may enhance the biosynthetic activity of mammary epithelial cells or
improve mammary glucose uptake, rather than merely altering milk component synthesis pathways
[21]. Furthermore, because this improvement in milk production was achieved without
compromising body reserves, as evidenced by the comparable BW and final BCS between groups, it
indicates a superior metabolic efficiency in nutrient utilization for lactation in cows receiving a
reduced n-6:n-3 ratio. These results suggest that the specific fatty acid composition, rather than total
fat intake, is the primary driver of these divergent production responses.

4.2. Ovarian Dynamics and Corpus Luteum Development

The reproductive outcomes in this study reveal important temporal and structural patterns in
CL development as influenced by the dietary n-6:n-3 ratio. While synchronized ovulation and
luteolysis rates remained comparable between groups, the morphometric characteristics of the
resulting CL showed significant divergent responses during the mid-to-late luteal phase.

During the early luteal phase (Day 5 to Day 8 post-TAI), no significant differences were observed
between the High and Low dietary n-6:n-3 ratio groups regarding CL cross-sectional area and
volume. This indicates that the initial luteogenesis and early structural formation of the CL were not
immediately impacted by the fatty acid profile of the diet. This is consistent with the broader
understanding that while fat supplementation generally improves caloric density, its specific fatty
acid effects often manifest more clearly as the cycle progresses [10]. A clear divergence emerged
during the mid-to-late luteal phase (Days 11 to 14 post-TAI), where cows in the lower n-6:n-3 ratio
group exhibited significantly greater CL cross-sectional areas and volumes compared to the greater
n-6:n-3 group. This finding is of high physiological relevance, as CL volume is a primary determinant
of its functional capacity. According to Santos et al. [10], feeding PUFAs can influence reproduction
by increasing progesterone (P4) concentrations during the luteal phase and improving embryo
quality. Our results support this, as a larger CL mass provides a greater population of steroidogenic
luteal cells responsible for P4 synthesis. This is further corroborated Dirandeh et al. [48], who
demonstrated that cows supplemented with omega-3 (linseed) maintained higher plasma P4
concentrations (15.0 ng/mL) compared to control groups (12.0 ng/mL) during the synchronized cycle,
which matches the increased CL morphometry observed in our Low group.

The superior CL development and persistence in the lower n-6:n-3 ratio group may be explained
by the biochemical inhibitory effects of lower n-6:n-3 ratio on the luteolytic pathway. It is well-
documented that n-3 fatty acids, such as a-linolenic acid (ALA) and its derivatives (EPA and DHA),
can inhibit the expression of cyclooxygenase-2 (COX-2) and competitively displace arachidonic acid
(ann-6 PUFA) from cell membranes. As noted by both Santos et al. [10] and Dirandeh et al. [48], this
mechanism leads to a significant reduction in the synthesis and pulsatile secretion of endometrial
PGF2q, thereby preventing premature luteolysis and supporting CL persistence during the critical
window of maternal recognition of pregnancy [49,50].

Although the enhanced luteal presence in the lower n-6:n-3 ratio group did not translate into
significantly higher pregnancy rates in the current study, the results suggest a superior physiological
environment for the developing embryo. The lack of a significant difference in conception rates may
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be attributed to the relatively short duration of supplementation or the moderate sample size, as
previous reports suggesting higher fertility often utilized longer pre-calving supplementation
periods [5]. Nevertheless, the significantly higher birth weight of offspring in the lower n-6:n-3 ratio
group, further suggests that the lower n-6:n-3 diet maternal environment may have supported better
embryonic or fetal development. These findings underscore the potential of the lower n-6:n-3 ratio as
a precision nutritional tool to modulate the endocrine environment and enhance reproductive
sustainability in dairy cattle.

4.3. Maternal Nutrition and Offspring Sex Ratio

The most striking observation in this study emerged from the offspring characteristics, where
maternal dietary fatty acid composition significantly influenced both the sex ratio and birth weight.
While reproductive success, measured by pregnancy rates per Al and the number of services per
conception, was not significantly affected by the PUFA source, the phenotypic outcomes of the calves
suggest that the specific n-6:n-3 ratio during the periconceptional and gestational periods plays a
critical role in offspring development.

The strong trend toward a female-skewed sex ratio in the lower n-6:n-3 ratio group (66.67% vs.
42.90%) provides compelling evidence that maternal fatty acid profiles can influence sex allocation.
This aligns with emerging research demonstrating that the n-6:n-3 ratio may exert opposing effects
on sex ratio modulation [20]. Traditionally, the Trivers-Willard hypothesis [51] provides an
evolutionary framework suggesting that maternal condition biases sex ratios; however, our results
suggest that fatty acid composition may override general nutritional status, as the lower n-6:n-3 ratio
produced more female offspring despite both groups maintaining adequate energy balance (stable
BW and BCS).

Mechanistically, n-6 PUFAs like LA have been associated with a biochemical environment
favoring Y-chromosome-bearing sperm or male embryo development. In contrast, n-3 fatty acids may
counteract these effects through their anti-inflammatory properties and differential modulation of
prostaglandin pathways [17]. Furthermore, male embryos are known to be more vulnerable to
oxidative stress and developmental perturbations [52]. The antioxidant properties of n-3 PUFAs
might selectively benefit female embryo survival or modulate epigenetic regulation affecting X-
chromosome inactivation and stress response pathways [53].

Furthermore, the significant 4.8% increase in calf birth weight in the n-3 group highlights the
profound role of n-3 PUFAs in fetal programming. Long-chain PUFAs, such as DHA and EPA, are
essential structural components of cell membranes and are vital for fetal brain and retinal
development. These fatty acids can alter placental gene expression (e.g., FATP1, FFAR4) to enhance
angiogenesis and nutrient transfer across the placental barrier [16,54]. The higher maternal lactose
yield observed in our n-3 group likely reflects an enhanced systemic nutrient flux that optimizes fetal
growth trajectories.

In summary, n-3 fatty acid supplementation at an n-6:n-3 ratio of 4.8:1 offers substantial
reproductive and production benefits. While n-6 supplementation may promote early luteal
development, these effects were transient and did not persist into later reproductive outcomes. In
contrast, the lower n-6:n-3 ratio resulted in improved milk yield, sustained mid-luteal maintenance,
and superior offspring outcomes, specifically higher birth weights and a female-biased sex ratio.
These findings suggest that targeted lower n-6:n-3 ratio is a valuable strategic tool for dairy
operations, particularly for herd replacement programs where female calves carry higher economic
value.

5. Conclusions

The findings of this study demonstrate that reducing the dietary n-6:n-3 ratio to 4.8:1 through
rumen-protected n-3 supplementation during a timed Al program represents a strategic nutritional
intervention to improve fertility potential and modulate offspring characteristics in lactating dairy
cows. Lowering the dietary n-6:n-3 ratio significantly enhanced luteal development, as evidenced by
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the significantly greater corpus luteum volume and cross-sectional area during the critical mid-to-
late luteal phase (days 11 and 14 post-TAI). This robust CL morphometry is indicative of an improved
endocrine environment, likely mediated by increased progesterone (P4) synthesis and the potential
suppression of luteolytic PGFa secretion, thereby providing a superior physiological foundation for
the establishment and maintenance of pregnancy.

Most notably, the Lower n-6:n-3 ratio exerted a profound influence on offspring outcomes,
showing a strong tendency toward a female-skewed sex ratio (66.67% vs. 42.90%) and a significant
4.8% increase in calf birth weight. These results suggest that targeted fatty acid ratios can modulate
fetal programming and sex allocation independently of general nutrition status, providing a non-
invasive strategy to enhance herd replacement through the production of robust female calves.

As a secondary advantage, this nutritional strategy significantly enhances lactation
performance, characterized by an 11.1% increase in milk yield and elevated lactose and SNF yields,
without compromising the cows’ body condition or dry matter intake. Overall, targeted a lower n-
6:n-3 ratio is a potent modulator of both reproductive and metabolic functions, providing a
multifaceted approach to optimize production efficiency and sustainability in dairy operations.
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