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ABSTRACT: This systematic review synthesises recent literature (2014-2024) on the effects 

of supplementing ruminant diets with rumen-protected fat (RPF) on animal performance, 

nutrient digestibility, and meat quality traits. Lipid nutrition remains a critical strategy for 

enhancing dietary energy density, but production responses are highly variable. An integrated 

correlation analysis herein resolves a key physiological trade-off where a strong negative 

correlation between dry matter intake and dry matter digestibility (r = -0.71) was driven by an 

accelerated digesta passage rate that reduces microbial fermentation time. However, standalone 

digestibility variation demonstrated a negligible linear relationship with growth (r = -0.13). Daily 

weight gain was strongly associated with absolute volume of feed consumption (r = 0.86), 

suggesting that the high net energy intake provided by RPF may compensate for minor drops in 

digestive efficiency to optimise tissue deposition. Post-ruminal absorption of bypassed lipids 

successfully increases oleic and linoleic acid concentrations in muscle tissue, thereby improving 

meat flavour and tenderness without altering carcass sensory attributes. Therefore, RPF is an 

effective strategic tool for modulating meat nutritional value and ruminant animal performance, 

but its application must be balanced against distinct bioenergetic and digestive transit dynamics 

rather than standalone digestibility metrics.  
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Highlights 

• High dry matter intake significantly reduces dry matter digestibility 

• DMI acts as the primary driver of ruminant weight gain 

• Standalone digestibility metrics show a negligible linear correlation with growth 

• Absolute energy volume from protected fat overrides minor digestive efficiency drops 

 

1.0 Introduction 

Fat supplementation in ruminant diets plays an essential role by improving nutrient intake, dietary energy density, and 

the overall health of animals. As a concentrated source of energy, fat provides more than twice the energy per gramme 

compared to carbohydrates and proteins (Nelson et al., 2004; Caetano et al., 2020; Wardiman et al., 2024). However, 

it is crucial that animals are gradually adapted to diets containing lipid sources, and that the amount added is carefully 

controlled. Excess fat in the diet can alter the ruminal environment, increase the rate of passage and exert direct toxic 

effects of fatty acids on microorganisms, which compromises the digestibility of dry matter (Jenkins, 1993), organic 

matter (Ribeiro et al., 2009), and cellulose (Palmquist et al., 2011). This effect is related to the biohydrogenation 

process (Figure 1), a natural mechanism carried out by rumen microorganisms (Machado, 2018).  

 

 

Fig. 1. Biohydrogenation process of linoleic and linolenic fatty acids in the rumen (Harfoot & Hazlewood, 1988). 

 

During biohydrogenation, isomerisation of double bonds and addition of hydrogen occurs, thereby making the rumen 

the main factor responsible for variation in fatty acid composition in products derived from ruminants (Givens et al., 

2006). Biohydrogenation of fatty acids occurs mainly from linoleic and linolenic acids, as these compounds are 

predominant in ruminant diets (Bauman et al., 2000). The production of conjugated linoleic acid (CLA) in these animals 

results from the partial biohydrogenation of linoleic acid (C18:2 cis-9, cis-12). Initially (Figure 1), after lipolysis, free 

fatty acids undergo an isomerization process at the cis-12 double bond, forming CLA C18:2 cis-9, trans-11. 

Subsequently, the cis bond is reduced, leading to the formation of vaccenic acid (C18:1 trans-11). The final stage of 

biohydrogenation consists of the conversion of vaccenic acid into stearic acid (C18:0) through another reduction step. 

This mechanism plays an essential role in neutralising the adverse effects of lipids by promoting the degradation of 

esterified lipids and the subsequent hydrogenation of free fatty acids (Harfoot & Hazlewood, 1988; Jenkins, 1993). 
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The high energy density of fat makes it an efficient option for enhancing productivity in ruminants, either by increasing 

milk production in dairy cows (Dias, 2009) or by promoting weight gain in beef cattle (Wardiman et al., 2024). 

However, the uncontrolled addition of unprotected fat sources may have negative effects, such as reduced dry matter 

intake (Ortiz, 2011), as well as impacts on the qualitative and quantitative characteristics of the carcass (Barducci, 

2016) and the final quality of the meat (Alba et al., 2021). In a study evaluating fat supplementation (Megalac type) in 

diets for ewes during the final third of gestation, Santos et al. (2017) observed no significant differences in body 

condition score at lambing between treatments with or without the addition of protected fat, although 

supplementation contributed to maintaining the ewes body weight up to 60 days postpartum. 

Ruminants possess a highly complex microbial ecosystem that is essential for the efficient digestion of fibrous feeds. 

However, excessive fat in the diet can impair the health of this ecosystem, compromise fibre degradation (Palmquist 

& Mattos, 2006) and increase the likelihood of digestive disorders. To ensure a more effective and safer utilisation, fat 

should be supplied in a protected form, which has proven beneficial for animals in feedlot systems facing high energy 

demands (Nascimento, 2017). According to Neumann et al. (2015), protected fat is relatively inert under rumen 

conditions, acting only at the pH of the abomasum. This allows for a high energy density without impairing fibre 

utilisation in the diet. When incorporated into the diet, a high intake of unsaturated fatty acids (UFAs) may exceed the 

ability of rumen microorganisms to carry out biohydrogenation, allowing desirable fatty acids to bypass the rumen 

intact and to be absorbed in the intestine (Sousa, 2022). These fatty acids are then incorporated into the animal’s 

muscle tissue, contributing to improvements in the quality of final products. This process enriches the final product 

with important lipids, whether meat (Parente et al., 2020; Alba et al., 2021; Costa et al., 2018; Lima et al., 2018; Bagaldo 

et al., 2019) or milk (Parente et al., 2018). 

Vegetable oils, such as those derived from soybean (Tsiplakou et al., 2013), flaxseed (Besharati, 2022), and protected 

sunflower and corn (Nascimento, 2020), have been incorporated into ruminant diets with the aim of increasing the 

levels of unsaturated fatty acids (UFAs) in foods intended for human consumption. While traditional lipid 

supplementation has been extensively reviewed, the last decade (2014-2024) has seen a technological shift towards 

sophisticated encapsulation methods, such as biopolymer coating and nanotechnology. Therefore, this systematic 

review is necessary to consolidate recent conflicting data regarding these advanced protection methods. The primary 

objective of this review was to compile and discuss relevant findings on the use of protected fat in ruminant nutrition, 

with an emphasis on weight gain, digestive health, feed efficiency, and meat quality. 

2.0 Materials and methods 

This systematic review was conducted utilising a structured search strategy to capture recent advancements in the 

field. The literature search was restricted to a 10-year window (from January 2014 to December 2024) to capture the 

most recent decade of technological advancements in lipid protection methods, such as polymer encapsulation and 

nanotechnology, which differ fundamentally from older, traditional calcium soap formulations. 

 

2.1 Search strategy and keyword optimisation 

A systematic search was performed across the Web of Science, Scopus, and PubMed databases. To maximize retrieval 

efficiency and avoid overly restrictive filtering, the search was applied to the "Title, Abstract, and Keywords" fields 

using the following optimized Boolean string: 
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("protected fat" OR "rumen-protected" OR "calcium salts of fatty acids" OR "encapsulated lipid") AND (ruminant* OR 

sheep OR cattle OR goat) AND (digestibility OR intake OR performance OR "meat quality"). 

 

2.2 Inclusion and exclusion criteria 

Studies were eligible for inclusion if they met the following strict criteria: (1) peer-reviewed experimental trials 

published in English; (2) conducted with ruminants (cattle, sheep, or goats); (3) evaluated quantified inclusion levels 

and specific sources of rumen-protected fats; and (4) measured at least two primary outcomes of interest (dry matter 

intake, nutrient digestibility, growth performance, or carcass/meat traits).  

Exclusion criteria consisted of: (1) review articles, meta-analyses, and conference abstracts; (2) studies using exclusively 

unprotected lipid sources; (3) trials focusing solely on dairy parameters without meat or growth data; and (4) studies 

where exact fat inclusion levels or protection methods were not disclosed. 

 

2.3 Data extraction and rationale for systematic synthesis 

Figure 2 presents a flowchart of the structured literature search, screening and selection process that resulted in the 

final inclusion of seven (n = 7) studies.  

 

Fig. 2. Flowchart of the structured literature search and selection process for narrative synthesis  

 

For each selected study, data were independently extracted regarding: animal species, physiological status, basal diet 

composition (roughage-to-concentrate ratio), protected fat source, fatty acid profile, inclusion level, and multi-nutrient 

digestibility (dry matter, organic matter, and fiber fractions). 
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A formal statistical meta-analysis was not conducted due to the extreme methodological heterogeneity among the 

selected studies. This included differences in animal species (bovine vs. ovine vs. caprine), diverse physiological stages, 

conflicting experimental designs (in vivo vs. in vitro fermentation), and highly variable lipid protection technologies, 

which would compromise the statistical validity and biological relevance of a pooled effect size. 

A formal risk-of-bias assessment was not performed because the limited number of eligible studies and their substantial 

methodological heterogeneity would have restricted the applicability and interpretability of standardized assessment 

tools such as SYRCLE or Cochrane-based frameworks. Instead, methodological rigor was addressed through strict 

eligibility criteria, detailed data extraction, and critical qualitative comparison of study designs, protected fat sources, 

inclusion levels, and measured outcomes. 

 

2.4 Correlation analysis 

To further explore the relationships among animal performance and digestive variables reported in the selected studies, 

a Pearson correlation analysis was conducted using extracted values of Dry Matter Intake (DMI), Dry Matter 

Digestibility (DMD), and Daily Weight Gain (DWG). Data points were compiled from treatment means reported in 

the included studies whenever these variables were simultaneously available. Correlation coefficients (r) were 

calculated to assess the strength and direction of linear associations among variables. The resulting correlation matrix 

was visualized using a heatmap to facilitate the interpretation of relationships between intake, digestibility, and growth 

performance. Given the limited number of studies and the heterogeneity of experimental conditions, the analysis was 

intended as an exploratory tool to identify potential biological patterns rather than to establish causal relationships. 

Because the correlation analysis was based on aggregated treatment means extracted from independent studies, the 

results should be interpreted with caution and considered descriptive rather than inferential. 

 

3.0 Results 

Seven articles were selected for the review, as described in Table 1, and organised according to the first author, year 

of publication, type of protected fat used in the experimental diets, evaluated parameters relevant to the study, and 

scientific journals. The studies were published in different journals, namely: Veterinary World (1 article), Ciências Agrárias 

(1 article), Animals (2 articles), Asian-Australasian Journal of Animal Science (1 article), Tropical Animal Health and Production 

(1 article), and Journal of Animal Science (1 article). 

  

The review search identified a clear divergence in animal responses depending on the chemical nature of the protected 

fat source and its inclusion level. Low to moderate inclusion levels (ranging from 2.5% to 7% of dietary dry matter 

(DM)) generally maintained or enhanced baseline growth parameters ; however, they initiated a progressive shift in 

digesta transit dynamics, balacing high dry matter intake (DMI) against a gradual decline in total tract dry matter 

digestibility (DMD) across cattle, sheep, and goats trials. In contrast, when lipid supplementation exceeded 10% of DM, 

or when unprotected free vegetable oils were evaluated as comparative treatments, a consistent and significant 

reduction in both intake and nutrient digestibility was observed (Table 2).  

 

Regarding dietary energy density, treatments targeting higher metabolizable energy concentrations through calcium 

salts of fatty acids evidenced a linear decline in non-fibrous and total carbohydrate digestibility. However, this digestive 

depression did not directly impair growth performance, as daily weight gains remained stable or followed a quadratic 

response. Advanced encapsulation technologies, particularly the use of biopolymers like calcium alginate nanocapsules 
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at high concentrations, successfully prevented the typical drop in dry matter disappearance and gas production 

associated with free polyunsaturated fatty acids (PUFAs), whereas chitosan encapsulation conversely depressed 

nutrient digestibility. Finally, the interaction between protected lipid sources and cellular protectants, such as choline 

chloride, promoted a synergistic effect that significantly boosted average daily gain and altered lipid deposition patterns. 

 

 

Table 1. Methodological characteristics and dietary details of the studies included in the systematic review 

Study 

ID 

Author / 

Year 

Animal species & 

physiological status 

Basal diet 

(Roughage:Concentrate) 

Protected fat source & 

protection method 

Main parameters 

evaluated 

1 Widiyanto et 

al. (2023) 

Fine-wool ewes 

(Maintenance) 

40:60 (Native grass + 

concentrate) 

Kapok seed oil (Rumen-

protected via 

microencapsulation) 

Performance, lipid 

status, serum 

metabolites 

2 Santos et al. 

(2015) 

½ Boer × ½ 

Saanen crossbred 

kids (Growing) 

40:60 (Dehydrated alfalfa 

+ concentrate) 

Lactoplus® (Calcium salts 

of fatty acids) 

Intake, multi-nutrient 

digestibility, growth 

performance 

3 Behan et al. 

(2019) 

Dorper sheep 

(Growing) 

30:70 (Guinea grass + 

concentrate) 

Lecithin-coated 

granulated fat vs. Calcium 

soa 

Rumen ecology, total 

tract nutrient 

digestibility 

4 Besharati et 

al. (2022) 

In vitro 

fermentation 

model (Dairy/Beef 

context 

50:50 (Alfalfa hay/corn 

silage + concentrate) 

Flaxseed/Linseed oil 

encapsulated with 

Chitosan or Calcium 

Alginate 

Gas production, in 

vitro digestibility, 

biohydrogenation 

5 Fiorentini et 

al. (2015) 

Nellore steers 

(Finishing / Feedlot) 

30:70 (Corn silage + 

concentrate) 

Lactoplus® (Calcium 

salts) vs. free vegetable 

oils 

Intake, ruminal 

fermentation, 

duodenal FA flow 

6 Freiria et al. 

(2022) (p. 8) 

Nellore beef cattle 

(Grazing / 

Supplemented) 

Pasture-based (Tropical 

forage + supplement) 

Rumen-protected 

soybean oil vs. Palm oil 

Pasture intake, total 

tract nutrient 

digestibility 

7 Nascimento 

et al. (2020) 

Nellore bulls 

(Finishing / Feedlot) 

20:80 (Sugarcane bagasse 

+ concentrate) 

Calcium salts of palm, 

soybean, and cottonseed 

fatty acids 

Animal performance, 

carcass traits, meat 

quality 
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Table 2. Standardised animal performance, dry matter intake (DMI), and dry matter digestibility (DMD) across 

selected lipid supplementation trials in small and large ruminants. 

Author / Year 
Treatment / Protected fat 

source 

Inclusion level 

(% DM) 

Study 

type / 

Species 

DMI (g/day 

or 

kg/day)* 

DMD 

(%) 

Daily 

weight 

gain 

(g/day) 

Widiyanto et al.  (2023) K0C0 (Control) 0% Sheep 385.4 g/d 68.3% 43.9 g/d 

 K1C2 (Protected Kapok Oil + 

Choline)  

10% Oil + 3% 

CC 
Sheep 448.0 g/d 65.5% 58.3 g/d 

Santos et al. (2015) Lactoplus® Low Energy 2.5% Goat 888.0 g/d 65.8% 185.0 g/d 

 Lactoplus® High Energy 2.8% Goat 866.0 g/d 64.0% 173.0 g/d 

Behan et al. (2019) Basal Diet (Control) 0% Sheep 896.8 g/d 76.8% 117.3 g/d 

 Lecithin-coated granulated fat 
Commercial 

dose 
Sheep 903.8 g/d 76.2% 120.3 g/d 

Besharati  et al. (2022) Control (No Oil) 0% 
In 

Vitro 
- 61.1% - 

 Linseed Oil (Unprotected) 14% 
In 

Vitro 
- 53.7% - 

 Flaxseed Oil (Calcium Alginate 

Nano) 
14% 

In 

Vitro 
- 75.0% - 

Fiorentini et al. (2015) Control (No Fat) 0% Cattle  4.50 kg/d 73.0% - 

 Lactoplus® (Protected Fat) 
Commercial 

dose 
Cattle 4.26 kg/d 75.0% - 

 Unprotected Palm Oil High dose Cattle 2.43 kg/d 65.0% - 

Freiria et al. (2022) Control Supplement (No Fat) 0% Cattle 9.44 kg/d 51.2% - 

 Protected Soybean Oil 3.4% DM Cattle 9.34 kg/d 49.0% - 

K0 and K1 = supplementation with protected kapok seed oil at 0 and 10%, respectively; C0, C1, and C2 = levels of choline chloride 

supplementation, corresponding to 0, 1.5, and 3% on a dry matter basis, respectively; DMI: Dry Matter Intake; DMD: Dry Matter Digestibility; 

DWG: Daily Weight Gain 

 

 

Fig. 3. Relation between dry matter intake and digestibility (DMI vs. DMD) of ruminants fed different sources of protected fat. 
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Pearson correlation analysis (Figure 4) revealed that Daily Weight Gain was strongly and positively correlated with DMI 

(r=0.86), but had a negligible relationship with DMD (r=-0.13). Conversely, a strong negative correlation occurred 

between DMI and DMD (r=-0.71), demonstrating that higher feed intake significantly reduces dry matter digestibility 

 

Fig. 4. Correlation matrix heatmap among Dry Matter Intake (DMI), Dry Matter Digestibility (DMI), and Daily Weight Gain. 

4.0 Discussion 

4.1. Effects of lipid protection technologies on intake and multi-nutrient digestibility 

The distinct biological trade-off between DMI and DMD observed across treatments in the published literature 

underscores how rising consumption levels naturally accelerate digesta passage rates, even when using highly inert, 

modern rumen-protection methods under typical ruminal pH conditions. As demonstrated by Santos et al. (2015) with 

growing goats and Freiria et al. (2022) with grazing beef cattle, traditional calcium salts of fatty acids (CSFA) and 

protected vegetable oils remain intact in the rumen, bypassing microbial fermentation to be selectively hydrolyzed 

later by gastric juices in the highly acidic environment of the abomasum. This protective mechanism prevents the 

physical coating of fibrous feed particles, which otherwise inhibits cellulolytic microbial attachment and limits chemical 

digestion. However, when fat inclusion thresholds exceed specific limits, the protective capacity of these technologies 

can be compromised. Fiorentini et al. (2015) reported that excessive lipid loads often lead to a high concentration of 

free, unassociated fatty acids in the rumen fluid, triggering direct amphiphilic toxic effects on the cell membranes of 

fibrolytic bacteria. The reduction in DMI observed at high energy densities or with unprotected palm oils is primarily 

a feedback mechanism driven by cholecystokinin secretion and reduced ruminal passage rates, which are directly 

caused by compromised fiber degradation efficiency. Furthermore, the contrasting results observed by Besharati et al. 

(2022) highlight the importance of material selection; while calcium alginate nanocapsules create a stable barrier that 

optimizes nutrient disappearance and in vitro gas production, chitosan encapsulation conversely exerts strong intrinsic 

antimicrobial properties that non-selectively depress ruminal microbial activity, thereby reducing overall dry matter 

digestibility. 
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4.2. Rumen biohydrogenation pathways and lipid matrix interactions 

Rumen microorganisms utilize the biohydrogenation pathway as a vital defense mechanism to neutralize the toxic 

effects of dietary unsaturated fatty acids. Free linoleic acid normally undergoes rapid isomerization and sequential 

reduction steps, transforming into conjugated linoleic acid (CLA), vaccenic acid, and ultimately into fully saturated 

stearic acid. Fiorentini et al. (2015) and Besharati et al. (2022) both emphasized that when vegetable oils rich in 

polyunsaturated fatty acids (PUFAs) are supplied without proper protection, up to 95% of these health-beneficial fatty 

acids are hydrogenated into saturated configurations by the ruminal microbiota. 

Effective ruminal protection techniques structurally shield the double bonds of PUFAs from microbial isomerases. By 

bypassing the ruminal biohydrogenation process, these intact unsaturated complexes reach the duodenum. As 

observed in the metabolic and ruminal ecology assessments of Behan et al. (2019) and Fiorentini et al. (2015), 

protecting the lipid core (whether through lecithin coating or calcium salts) ensures that intact unsaturated fatty acids 

reach the post-ruminal tract. Here, they are incorporated into micellar structures, absorbed across the intestinal 

epithelium, and directly transported via chylomembranes to peripheral tissues, effectively shifting the animal's systemic 

fatty acid profile. 

 

4.3. Tissue incorporation and impacts on meat quality traits 

The successful bypass of protected fats directly dictates the lipid architecture of ruminant muscle tissue. 

Supplementation with protected vegetable oils or CSFA consistently elevates the concentrations of linoleic and oleic 

acids in the muscle. This fatty acid shift is critical; increasing the concentration of oleic acid via metabolic elongation 

and desaturation mediated by the stearoyl-CoA desaturase enzyme is highly correlated with enhanced meat palatability 

and richer flavor profiles. 

Crucially, the utilization of protected fats avoids the adverse carcass effects often linked to high-lipid diets. As 

demonstrated by Nascimento et al. (2020) in finishing Nellore bulls, because the ruminal environment remains stable, 

voluntary energy intake is maintained, providing additional acetyl-CoA subunits for adipose tissue deposition. This 

pathway improves carcass subcutaneous finishing scores and elevates ether extract concentrations without modifying 

undesirable meat sensory traits, such as cooking loss, shear force, or subjective muscle coloration. Moreover, the 

innovative approach by Widiyanto et al. (2023) combining protected polyunsaturated kapok seed oil with lipotropic 

factors (choline chloride) demonstrates that cellular protectants can modulate hepatic lipid metabolism, successfully 

reducing total intramuscular cholesterol while preferentially depositing premium omega-6 fatty acids into the 

commercial meat cuts. 

 

4.4. Correlations between intake volume, passage rate and tissue deposition 

The strong positive correlation (r = 0.86) proves that total nutrient volume is the most critical factor for growth. 

Eating more feed ensures the animal surpasses its maintenance requirements to deposit body tissue, aligned with the 

bioenergetic principles of Mertens (1987), where net energy intake dictates productive responses. However, the strong 

negative correlation (r = -0.71) is driven by digestive transit time. When an animal eats more, feed moves through the 

rumen and intestines faster. As modelized by Seo et al. (2006), this accelerated passage rate leaves less time for 

microbial fermentation and enzymatic breakdown, consequently lowering overall dry matter digestibility (DMD). The 

weak correlation between DMD and DWG (r = -0.13) reveals that the absolute quantity of food consumed completely 

overrides the slight drop in digestive efficiency. This physiological phenomenon is corroborated by Galyean and Defoor 
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(2003), who demonstrated that animals gaining the most weight eat the most, as total daily energy intake plays a 

significantly greater role in tissue deposition than minor variations in dietary digestibility. 

 

5. Conclusion 

The findings of this study demonstrate that the use of rumen-protected fat may improve animal performance depending 

on fat source, inclusion level, protection technology, and animal category by driving high net energy and dry matter 

intake. Crucially, our correlation analysis resolves a key physiological dynamic: while increased intake accelerates 

passage rate and significantly reduces dry matter digestibility (r=-0.71), the absolute volume of consumed nutrients 

completely overrides this minor drop in digestive efficiency to dictate positive growth responses (DWG; r=0.86). 

Despite these clear bioenergetic advantages, research regarding these intake-digestibility trade-offs remains limited in 

specific contexts. The small number of eligible studies limits the generalizability of the findings and highlights the need 

for additional controlled trials. However, these results highlight opportunities to investigate less-studied, locally 

adapted ruminant breeds in tropical and semi-arid regions, expanding the application of lipid technologies in global 

livestock production. 
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