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Abstract: The increasing costs of traditional protein sources, such as soybean meal (SBM), have
prompted interest in alternative feeds for ruminants. Non-protein nitrogen (NPN) sources, like urea,
offer a cost-effective alternative by enabling rumen microorganisms to convert NPN into microbial
protein, which is crucial for ruminant nutrition. However, the rapid hydrolysis of urea in the rumen
can result in excessive ammonia (NH3) production and potential toxicity. Slow-release urea (SRU) has
been developed to mitigate these issues by gradually releasing nitrogen, thereby improving nutrient
utilization and reducing NH3 toxicity risks. This review explores SRU’s development, types, mecha-
nisms, and benefits, highlighting its potential to enhance ruminal fermentation, microbial protein
synthesis, and overall feed efficiency. SRU formulations include polymer-coated urea, lipid-coated
urea, calcium-urea, starea, and zeolite-impregnated urea, each designed to control nitrogen release
and minimize adverse effects. Studies have demonstrated that SRU can improve microbial nitrogen
efficiency and reduce nitrogen losses, although results regarding feed intake, digestibility, and milk
yield are mixed. These discrepancies indicate that factors such as SRU type, diet formulation, and
animal breed may influence outcomes. Continued research is essential to optimize SRU applications,
aiming to enhance ruminant production, economic viability, and environmental stewardship.

Keywords: ammonia nitrogen; nitrogen efficiency; nitrogen utilization; protein nutrition; rumen
degradable protein

1. Introduction

There is growing interest in finding alternatives to plant-based protein sources, par-
ticularly soybean meal (SBM), in animal feed due to rising feed costs and environmental
concerns, such as land use changes, deforestation, soil erosion, and biodiversity loss [1,2].
For ruminants, the use of non-protein nitrogen (NPN) sources in feed is a feasible alter-
native to SBM, as rumen microorganisms can convert NPN into microbial protein, which
accounts for 50–80% of the protein absorbed in the small intestine of cattle [3,4].

Urea is a commonly used NPN source for partially replacing SBM, but its rapid
hydrolysis in the rumen to ammonia (NH3) can lead to overaccumulation of NH3 in the
rumen and elevated blood NH3 levels [5]. To address this issue, slow-release urea (SRU)
has been developed to release nitrogen more gradually in the rumen, improving nutrient
utilization by rumen microorganisms. SRU comes in various forms, including biuret, starea,
urea-calcium sulfate, urea-impregnated zeolite, and urea coated with lipid or polymer.
This review aims to provide an overview of SRU based on current research, including
its development, common types, structure, mode of action, production responses, and
potential benefits for ruminants.

2. SRU Development
2.1. NPN Sources for Ruminants

Ruminants, such as cattle, sheep, and goats, play a vital role in global agriculture by
producing meat, milk, and other essential products. Their ability to utilize non-edible food
sources through rumen microorganisms contributes to a more sustainable food system [6,7].
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However, limited availability and rising costs of dietary protein present challenges for
ruminant nutrition, with feed expenses accounting for up to 70% of total production costs
in the industry [8]. Additionally, the environmental impact of plant-based protein sources
like soybean meal (SBM), including land use change, deforestation, and biodiversity loss,
has intensified the search for alternative solutions [9].

One promising alternative is the use of NPN, which can be utilized by rumen mi-
croorganisms to synthesize microbial protein, providing amino acids for the host animal.
NPN, such as urea, NH3, and biuret, is not a protein but can be degraded in the rumen
and converted into microbial protein, serving as a source of rumen-degradable protein
(RDP) [10].

2.2. Urea Applications

Urea is a cost-effective and widely used NPN source, offering a more economical
alternative to protein feeds like soybean meal due to its great rumen degradability and
lower price [11]. Urea is typically recommended at no more than 1% of total dietary dry
matter (DM), up to 135 g per cow per day, and no more than 20% of total dietary crude
protein (CP) [12,13]. Furthermore, greater urea levels, such as 2% of the diet, have been
reported [14]. Despite its benefits, the rapid hydrolysis of urea in the rumen can lead to
inefficient nitrogen utilization, resulting in excessive NH3 production and nitrogen losses
through urea excretion [11,15]. Excessive NH3 concentrations in the rumen can cause
NH3 toxicity if hepatic detoxification is overwhelmed, with blood NH3 levels exceeding
0.5 mM [10,16].

Cases of NH3 toxicity may occur under conditions such as improper mixing of total
mixed rations (TMRs); errors in diet formulation or segregation of feed ingredients in
storages; formation of uneven groups of animals in relation to body size, hierarchy, and
feed competition; lack of acclimation to NPN-containing diets; or NPN diets low in energy
and protein but high in roughage [17]. Clinical symptoms of urea toxicity can appear within
minutes to hours and are often acute, leading to significant mortality if not addressed [18].
Slow-release urea technologies have been developed to address these issues, providing a
controlled release of nitrogen that aligns with microbial protein synthesis in the rumen,
improving nutrient utilization and reducing the risk of NH3 toxicity [19].

2.3. Slow-Release Urea Overview

Slow-release urea (SRU) formulations are designed to provide a steady supply of
nitrogen by gradually releasing urea over an extended period. These formulations utilize
various techniques, such as chemical modifications, condensation, and coatings or encapsu-
lation, to delay urea degradation in the rumen and ensure a consistent nitrogen source for
rumen microorganisms [19]. However, the challenge lies in slowing NH3 release without
limiting urea’s overall degradation [20].

Common types of SRU for ruminants include the following:

1. Polymer-coated urea: Synthetic polymers (e.g., polyurethane) are used to coat urea,
regulating nitrogen diffusion and reducing the rate of urea degradation [11,21,22].

2. Lipid-coated urea: Urea is coated with lipids (e.g., waxes, fats, or oils) to slow its
solubility and hydrolysis in the rumen [5].

3. Calcium–urea: A urea–calcium chloride complex designed for controlled release [23].
4. Starea: Extruded urea combined with corn and sulfur, offering a slower release

rate [24].
5. Zeolite-impregnated urea: Urea combined with zeolite, a cation exchanger, which

retains ammonium ions for gradual release [25,26].

Polymer- and lipid-coated urea are the most studied types. Both have shown potential
to improve ruminal fermentation, nutrient utilization, and nitrogen efficiency. However,
their effects depend on factors such as coating material, NH3 release rate, rumen pH, and
microbial composition.
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3. SRU Mode of Action and Benefits
3.1. Slow Nitrogen Release

As noted, slow-release urea (SRU) formulations control the rate of urea degradation
and NH3 release, providing a slower release compared to regular urea [27]. In an in vitro
study by Xin et al. [11], NH3 concentrations in the polymer-coated urea and soybean meal
(SBM) groups declined at 8 h, whereas the feed-grade urea group did not, likely due to
bacterial autolysis. This indicates that SRU diets prolong the availability of nitrogen for
microbial utilization during ruminal fermentation.

3.2. Nitrogen and Energy Synchronization

Slow-release urea mimics the natural breakdown of protein in the rumen and synchro-
nizes nitrogen release with carbohydrate fermentation, enhancing microbial protein pro-
duction and reducing nitrogen waste, thereby improving ruminant nutrition efficiency [19].
Inefficiencies in microbial protein synthesis can occur when ruminal NH3 production is not
synchronized with available fermentable energy, leading to nutrient imbalances [28].

3.3. Impact on Microbial Environment

In addition to improved nitrogen utilization, slow-release urea (SRU) offers several
benefits. It supports a more favorable microbial environment in the rumen, potentially
enhancing fiber digestion, feed efficiency, and overall animal performance by influencing
microbial communities. Utilizing the latent energy in potentially digestible neutral deter-
gent fiber may enhance nitrogen use efficiency and microbial protein synthesis. This is
because a slower release of nitrogen from urea is expected to improve nitrogen use efficiency
since NDF can provide carbons and NH3 can supply nitrogens, in a form (NH3) crucial for
fibrolytic microorganisms. Guo et al. [29] reported that SRU supplementation positively
altered microbial communities, increasing the abundance of feed particle-associated bacte-
ria compared to regular urea. This indicates that SRU may support bacterial growth and
thereby improve fiber digestion.

Additionally, slow-release urea (SRU) reduces the risk of metabolic disorders asso-
ciated with excessive NH3 production by decreasing peak NH3 concentrations in the
rumen [19].

3.4. Environmental Impact and Feed Cost

Slow-release urea (SRU) offers an environmentally sustainable option for ruminant
nutrition by reducing nitrogen losses in urine and manure [15,19]. Economically, SRU can
improve the income over feed cost (IOFC) under specific feeding conditions. Economic
simulations indicate that, with a milk yield response of 0.5 kg/day per cow from SRU
inclusion, the IOFC improves, particularly when corn grain, corn silage, and SRU (Optigen)
prices are low and soybean meal and milk prices are high [30].

4. Production Responses
4.1. Ruminal Fermentation

The primary effect of slow-release urea (SRU) in the rumen is its slower release rate
of NH3. Ceconi et al. [31] observed that the urea group (0.6% DM) reached its peak NH3
concentration 4 h after feeding, decreased to its lowest point around 16 h, and then returned
to baseline levels by 24 h. In contrast, the SRU groups (lipid- or polymer-coated, 0.67% DM)
maintained intermediate NH3 levels until 9 h post-feeding. The control group (without
urea) remained at low NH3 levels between 4 and 15 h. These findings are consistent with
Ribeiro et al. [32], which reported NH3 peaks between 1 and 2 h after feeding, with greater
levels in the urea group (25.8 g/kg of diet), intermediate levels in the SRU group (30.4 g/kg
of diet), and the lowest levels in the control group.

Regarding ruminal pH, Ceconi et al. [31] found no significant differences, while
Ribeiro et al. [32] reported significant differences in pH (p < 0.05) among treatments, but no
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interaction between treatment and time. The highest pH values were observed between 1
and 2 h after feeding for the urea group, likely due to faster hydrolysis and NH3 release.

For ruminal volatile fatty acids (VFAs), Ceconi et al. [31] found no differences in
total VFA, branched-chain VFA, acetate, or butyrate molar proportions. Similarly, Taylor-
Edwards et al. [22] and Xin et al. [11] reported no differences in total or individual VFA
concentrations using in vivo and in vitro methods. However, Ceconi et al. [31] reported a
lower acetate-to-propionate ratio in the SRU group compared to the control group (1.08 vs.
1.50), while Holder [33] found a greater acetate-to-propionate ratio in cattle fed Optigen
II compared to regular urea (4.25 vs. 4.10). It was suggested that a consistent NH3 source
might favor slow-growing fiber-digesting bacteria. Nonetheless, Ceconi et al. [31] proposed
that the lower NH3 levels in calves fed coated urea might have inhibited fiber-digesting
bacteria and reduced the acetate-to-propionate ratio, challenging Holder’s [33] findings.

4.2. Microbial Protein Synthesis

Maximizing microbial growth and the uptake of rumen-degradable protein (RDP)
by rumen microorganisms is a key objective in optimizing rumen nutrition. Enhancing
amino acid (AA) availability to the small intestine while reducing nitrogen (N) losses can
significantly improve feed efficiency [19].

A recent study by Guo et al. [29] demonstrated improved microbial nitrogen efficiency
with increased SRU supplementation compared to the control group (11.7 vs. 9.5, p = 0.03).
Conversely, Galo et al. [21] and Alipour et al. [34] reported no significant differences in total
microbial protein synthesis when comparing SRU with regular urea in lactating cow diets.

4.3. Feed Intake, Digestibility, and Milk Yield

For dry matter intake (DMI), a study by Xin et al. [11] found that cows fed a polymer-
coated urea (PCU) diet (0.6% DM) had approximately 12.8% greater DMI (22.78 vs.
20.19 kg/d) compared to those fed regular urea (0.6% DM). However, other studies reported
no significant differences in DMI among treatment groups [22,35].

Regarding nutrient digestibility, SRU is expected to improve digestibility due to
sustained nitrogen availability and enhanced microbial utilization. Ribeiro et al. [32] found
increased crude protein (CP) digestibility (p < 0.01) with NPN treatments compared to a
control without urea. Galo et al. [21] also observed greater total tract apparent dry matter
(DM) and CP digestibility in cows fed 18% CP with coated urea (CP18+CU) compared to
those fed 18% CP without coated urea (CP18-CU). In contrast, Ceconi et al. [31] reported
no differences in the digestibility of organic matter (OM), neutral detergent fiber (NDF),
CP, or starch among diets with 0% DM urea, 0.6% DM urea, and 0.67% DM Optigen II
or NitroShure.

For milk yield, Inostroza et al. [30] found that cows fed a diet with coated urea
(114 g/d per cow) had a greater milk yield (+0.5 kg/d per cow, p < 0.01) compared to
those fed a control diet without coated urea (35.9 vs. 35.4 kg/d). Conversely, Highstreet
et al. [5] found no difference in milk yield between cows fed coated urea (113.5 g/d per
cow) and those fed regular urea (102.2 g/d per cow). A meta-analysis by Salami et al. [27]
also indicated no significant difference in milk yield (p > 0.05) between diets with and
without polymer-coated SRU. The findings regarding the production responses discussed
above are summarized in Table 1.
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Table 1. Summary of the effects of slow-release urea supplements on the production responses
compared to the control group in the studies discussed.

Study Inclusion Rate of SRU Production Responses

Highstreet et al. [5] In vivo: 113.5 g/d per cow

No differences in milk yield, DMI
No differences in total tract digestibility of CP and aNDF
Increased milk fat (0.068 kg/d, p = 0.01) and protein (0.041 kg/d,
p = 0.01) in early lactation cows

Xin et al. [11] In vitro: 1.7% DM
In vivo: 0.6% DM

No differences in total or individual VFA concentrations using
in vitro methods compared to the control group
Greater DMI (22.78 vs. 20.19 kg/d) in in vivo trial

Galo et al. [21] In vivo: 0.77% DM No differences in microbial protein production
Greater total tract apparent DM and CP digestibility in cows

Taylor-Edwards et al. [22] In vivo 1: 1.8% DM
In vivo 2: 0.6% DM

No differences in total and individual VFA concentrations using
in vivo methods
No significant differences in DMI in in vivo trial

Salami et al. [27] Mean: 0.58% DM
(meta-analysis)

No significant differences in milk yield (p > 0.05)
Improved feed efficiency (+3%) and NUE (+4%)

Guo et al. [29] In vitro: 0.28% or 0.56% DM
Improved microbial nitrogen efficiency with SRU supplementation
No differences in fermentation pH and total VFA production,
whereas acetate-to-propionate ratio increased

Inostroza et al. [30] In vivo: 114 g/d per cow

Greater milk yield (+0.5 kg/d per cow, p < 0.01)
Indicated that changes in IOFC were more positive when the prices
of corn and SRU were lower and when the prices of soybean meal
and milk were greater

Ceconi et al. [31] In vivo: 0.67% DM

Maintained intermediate NH3 levels
No significant differences on ruminal pH, total VFA,
branched-chain VFA, acetate, or butyrate molar proportions
Lower acetate-to-propionate ratio
No differences in the digestibility of OM, NDF, CP, or starch

Ribeiro et al. [32] In vivo: 30.4 g/kg of diet

Intermediate NH3 levels in the SRU group
Significant differences in pH (p < 0.05) among treatments, but no
interaction between treatment and time
Increased CP digestibility (p < 0.01) with NPN treatments

Holder [33] In vivo: 0.87% or 0.97% DM Reduced rumen NH3 and plasma urea concentrations
Greater acetate-to-propionate ratio in cattle

Alipour et al. [34] In vitro: 0.5–1.75% DM

SRU levels had a quadratic effect on the disappearance of NDF and
ADF, with a plateau at 1% SRU inclusion level in finishing beef diet
in vitro
No significant differences in total microbial protein synthesis

Chegeni et al. [35] In vivo: 1.8% DM
No significant differences in DMI in in vivo trial with sheep
No significant differences in the pH and total VFA, whereas the
acetate-to-propionate ratio tended to be lower

SRU, slow-release urea; DM, dry matter; DMI, dry matter intake; CP, crude protein; aNDF, amylase-treated neutral
detergent fiber; VFA, volatile fatty acid; NUE, nitrogen use efficiency; IOFC, income over feed cost; NH3, ammonia;
OM, organic matter; NPN, non-protein nitrogen; The control group refers to those without SRU supplements.

These inconsistencies indicate that factors beyond SRU inclusion rate, such as SRU
physical structure, degradable intake protein (DIP) or RDP adequacy [31], dietary CP
level [32], diet formulation interactions, forage-to-concentrate ratio [36], and animal breed,
may also influence the effects of SRU.

5. Conclusions

In conclusion, slow-release urea offers a promising approach to optimizing dietary
protein utilization in ruminant nutrition. By controlling the release of nitrogen, SRU can
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enhance microbial protein synthesis, can improve fiber digestion, and can reduce nitrogen
losses. While previous research has focused on SRU inclusion rates, further investigation
is needed into how SRU interacts with different diet formulations. Ongoing research and
development will continue to refine slow-release urea, contributing to the sustainable
intensification of ruminant production systems. By improving farm economics, animal
health, and environmental stewardship, slow-release urea holds significant potential for
advancing ruminant production.
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