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Nitrate/nitrite poisoning is a significant issue in ruminant
livestock health, with historical roots predating the wide-
spread use of nitrogen fertilizers. This review explores the
various factors contributing to nitrate toxicity, including natu-
ral and anthropogenic sources, metabolic pathways, mecha-
nisms of action, and the variability in reported data. The im-
portance of compartmental modeling in understanding nitrate
metabolism dynamics is emphasized. These models provide
a framework for simulating the complex processes involved
in nitrate intake, conversion, absorption, distribution, and ex-
cretion, ultimately informing effective mitigation strategies.
The goal of this article is to provide a comprehensive over-
view of nitrate/nitrite poisoning in ruminants and highlight
the role of compartmental modeling in safeguarding animal
health, optimizing agricultural practices, and ensuring food
safety in the context of modern agriculture.
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Introduction

Nitrate/nitrite poisoning has been documented
long before the widespread use of nitrogen fertilizers.
Acute nitrate poisoning in cattle was reported as early as
1895 [11]. All plants contain some nitrates, and their con-
centration can be influenced by climatic factors such as
cold and drought [14]. The use of nitrogen fertilizers also
impacts nitrate levels in plants, with high amounts be-
ing a significant factor in nitrate accumulation [3]. Early
spring growth usually contains more nitrates than sum-
mer plants due to rapid growth [10]. Roots and stems of
plants generally have higher nitrate levels than leaves
and seeds [10].

Excessive use of poultry litter or animal manure as
fertilizers can lead to nitrate accumulation in soil, subse-
quently affecting plant feeds consumed by herbivores [20].
Nitrates can reach dangerous levels in ponds, shallow
wells, or streams due to agricultural runoff and nitrogen
fertilizers. Industrial wastewater is another source of
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nitrates [5]. Plants irrigated with treated wastewater, rich
in nitrogen, can accumulate large amounts of nitrates [9].

Ruminant animals, such as cattle and sheep, are
sensitive to nitrate poisoning. Bacteria in their rumen
convert nitrates to nitrites [19]. Nitrates can be absorbed
through the ruminant epithelium via a CI-/HCO;~ ex-
change mechanism [1]. Nitrate toxicity in ruminants
occurs when high nitrate levels in feed overwhelm the
animal’s digestive system, causing nitrate-to-nitrite con-
version to exceed nitrite-to-ammonia conversion, which
is part of amino acid and protein synthesis [7]. Nitrate
itself has low toxicity compared to nitrite, which causes
the formation of methemoglobin (MetHb), a molecule
with very limited oxygen-carrying capacity. Methemo-
globinemia, resulting from MetHb formation, is a primary
adverse effect. MetHb gives blood a brown-black col-
or [18]. Species differences in MetHb formation rates
are mainly due to the degree and speed of nitrate-to-nitrite
reduction, which is highest in ruminants, lower in horses,
and lowest in other monogastric species.
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The mechanism of action (MoA) of nitrates and
nitrites includes several effects in agricultural and do-
mestic animals, such as increased oxidative stress, thy-
roid function suppression, and lowered blood pressure.
Other effects (e.g., depletion of vitamins A and E, abor-
tions, and fertility impacts) remains to be elucidated [4].
High nitrite levels in the blood cause vasodilation, blood
pressure drop, and circulatory shock.

Different authors from various countries report vary-
ing nitrate/nitrite content analysis results. This diversity
can lead to confusion and misinterpretation of the data.
Furthermore, literature sources often employ different
methods for nitrite detection, each with varying accuracy
and sensitivity, which can further complicate result in-
terpretation. Therefore, standardized recommendations
and a unified understanding of laboratory methods are
essential for comprehending the impact of nitrates on
animal organisms [15].

To address these challenges and enhance our under-
standing of nitrate metabolism in ruminants, the devel-
opment and application of compartmental models are
crucial. These models provide a framework for simulat-
ing the complex processes of nitrate intake, conversion
to nitrite, absorption, distribution, and excretion within
the animal’s body [8].

The overarching goal of this article is to present
a comprehensive review of nitrate/nitrite poisoning in ru-
minants, encompassing its historical context, sources of
exposure, metabolic pathways, mechanisms of action,
and the variability in reported data. Additionally, we aim
to highlight the importance of compartmental modeling
in understanding nitrate metabolism and its potential for
informing evidence-based interventions to safeguard
animal health and productivity. This is of paramount
relevance in the context of modern agriculture, where
nitrogen fertilizer use and intensive animal production
practices can inadvertently elevate nitrate levels in the
environment, posing a risk to livestock. By unraveling
the complexities of nitrate toxicity and leveraging mod-
eling approaches, we can strive towards sustainable
agricultural practices that prioritize animal welfare and
minimize the adverse impacts of nitrate exposure.

Results and Discussion

1. Physicochemical properties of nitrates,
nitrites, and certain specific salts,
and their use in animal husbandry,
agriculture, and the food industry

On January 19, 2020, the Law of Ukraine “On Feed
Safety and Hygiene” came into effect, stipulating that any
person can use feed additives provided that such an addi-
tive is registered in Ukraine. However, the state registration
procedure for feed additives was only unblocked on Sep-
tember 1, 2021. To prevent feed shortages, amendments
to the Law of Ukraine “On Feed Safety and Hygiene” were
made through the draft Law no. 3672, allowing the unre-
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stricted use of feed additives registered in the European
Union. According to the EU Feed Additives Register un-
der Regulation (EC) no. 1831/2003, sodium nitrite (E 250)
is a permitted feed additive. Additionally, sodium nitrate
(E 251) and potassium nitrate (E 252) are included in the
list of food additives approved for use in food products
in Ukraine and are part of the EU Feed Additives Register
as per Annex Il of Regulation (EC) No 1333/2008.

In acidic conditions, nitrite can form N-nitroso com-
pounds (NOCs), including genotoxic and carcinogenic
N-nitrosamines, by reacting with certain secondary amines
in feed or endogenously in the stomachs of animals.

The physicochemical properties of nitrates, nitrites,
and certain specific salts used in food products, feed,
and fertilizers are shown in table 1.

The physicochemical properties of these com-
pounds, such as solubility in water and their oxidizing
nature, make them versatile in various applications.
In the food industry, nitrates and nitrites are used as
preservatives to prevent the growth of harmful bacteria
and to maintain the color and flavor of processed meats.
In agriculture, these compounds are essential compo-
nents of fertilizers, contributing to the growth and health of
plants. Additionally, in animal husbandry, they are used
as feed additives to enhance animal growth and health.

Nitrates are ubiquitous in the environment and play
a crucial role in the nitrogen cycle, forming significant
deposits, particularly as sodium nitrate (NaNO;) in spe-
cific regions. The most notable industrial deposit is as-
sociated with the accumulation of caliche in the Atacama
Desert, Chile, which has led to NaNO; being sometimes
referred to as Chilean saltpeter.

The use of nitrates is extensive. They are employed in
animal feeds and food products, notably in the production
of fertilizers and food preservatives. Generally, nitrates are
highly soluble in water and serve as vital nutrients for plants,
being present in all plant species, especially in green leafy
vegetables. Sodium nitrate and potassium nitrate are
particularly significant for feeds and food products.

Sodium nitrate (NaNO;) is a white, crystalline, slightly
hygroscopic powder that serves as an antimicrobial agent,
preservative, and color fixative. Sodium nitrate is used in
the treatment of cyanide poisoning, in combination with
sodium thiosulfate, recommended only for severe cases
of cyanide poisoning. Sodium nitrate is also utilized in fer-
tilizers, pyrotechnics, and in the glass industry [2].

Potassium nitrate (KNO;): this white crystalline pow-
der or transparent prisms have a cooling, salty, pungent
taste. It is used as a preservative and in combination with
nitrite salts in curing mixtures (e.g., sodium chloride solu-
tions) for meat to develop and fix the color of the meat,
inhibit microbial growth, and develop characteristic flavor
profiles. In veterinary medicine, potassium nitrate is used
as a diuretic for pigs, cattle, and horses.

Two other nitrates widely used, especially as fertiliz-
ers, are calcium nitrate (Ca(NO;),) and ammonium ni-
trate (NH,NOs). Anhydrous calcium nitrate is colorless
and hygroscopic, readily absorbing moisture to form
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Table 1. Physicochemical properties and applications of nitrates, nitrites, and certain specific salts

Compound

Empirical formula

Properties

Applications

Nitrate

Nitrate Sodium

White crystalline solid, highly soluble

Used as a preservative in food, feed

(Sodium Nitrate, E 251) NELOL in water, oxidizing agent additive, fertilizer
Nitrate Potassium KNO White crystalline solid, highly soluble Used in food preservation, fertilizers,
(Potassium Nitrate, E 252) 3 in water, oxidizing agent and fireworks
Nitrate Calcium Ca(NOy) White granular or crystalline solid, Used in fertilizers, concrete additives,
(Calcium Nitrate, anhydrous) 2 highly soluble in water and cold packs
Nitrate Calcium Ca(NO,), - 4H,0 White crystalline solid, highly soluble Used in fertilizers, wastewater
(Calcium Nitrate, tetrahydrate) 2 2 in water, contains water of crystallization  treatment, and cold packs
Nitrate Ammonium NH.NO White crystalline solid, highly soluble Used in fertilizers, explosives,
(Ammonium Nitrate) 4Ts in water, strong oxidizer and in veterinary medicine
Nitrite

Nitrite Sodium White to slightly yellowish crystalline Used as a food preservative,
(Sodium Nitrite, E 250) NaNO, powder, soluble in water, can act as curing agent, feed additive, and in

’ both an oxidizing and reducing agent pharmaceuticals

Used as a curingagent in the food
Nitrite Potassium KNO White to yellow crystalline powder, industry, in pharmaceuticals,
2

(Potassium Nitrite)

soluble in water, strong reducing agent

and in the production of heat transfer

salts, dyes, and other chemicals.

tetrahydrates. Ammonium nitrate is a colorless crystal-
line salt used in fertilizers and explosives.

Nitrite (NO,"): the nitrite anion is present in inorganic
nitrite salts. Nitrite naturally occurs in the environment
as part of the nitrogen cycle, typically in very low con-
centrations. It is formed naturally by nitrifying bacteria
as an intermediate stage in nitrate formation.

The most important nitrites in feeds and food are
sodium nitrite (NaNO,) and potassium nitrite (KNO,).

Sodium nitrite (NaNO,): this compound appears as
a white or slightly yellow crystalline powder, hygroscopic,
with a melting point of 270°C, and decomposes above
320°C. It slowly oxidizes to sodium nitrate in the air. Sodium
nitrite has various applications, including the production
of numerous compounds. In medicine and veterinary
practice, it has been used as a vasodilator, bronchodila-
tor, and as an antidote for cyanide poisoning. In veterinary
medicine, it is applied topically on the teats of dairy cows
post-milking to prevent mastitis. Sodium nitrite is permit-
ted as a food additive (E 250) to stabilize the color of cured
fish and meat and to inhibit the growth of Clostridium botu-
linum, the bacterium that produces botulinum toxin.

Nitrate levels and toxicity in unified metrics

Reading reports on nitrate levels in various literatures
reveals different parameters for determining nitrate con-
tamination. The results of nitrate analysis can be mis-
leading due to differences in the methods of presenting
the results. In chemical analysis of nitrates, the actually
determined element is oxidized nitrogen. However, val-
ues can be reported as a percentage of nitrates (NO,"),
nitrate-nitrogen (N—NO), or as a percentage of potassi-
um nitrate (KNO;) concentration.
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Elevated nitrogen doses and nitrate accumulation in
forage are presented as concentration of nitrate nitrogen
N—NO; [6]. Authors [12], accumulation of N-NO; above
0.07% in dry matter is considered harmful, 0.07-0.2%
can lead to poisoning in cattle, and more than 0.25%
can be lethal. Other authors determined nitrate concen-
trations as concentrations of NO~ ions [16]. Similarly,
nitrate concentrations can be determined as concentra-
tions of potassium nitrate (KNO3) [21].

For unification and interpretation of the results pre-
sented in the literature, formulas are used for converting
between different measurement units:

KNO; = N—-NO; x 7.22
KNO; = NO; x 1.63
NO; = N-NO; x 4.43
NO; = KNO; x 0.613
N—-NO; = KNO; x 0.139
N-NO; = NO; x 0.226

Thus, for accurate interpretation of results in the liter-
ature, it must be clearly stated in which units the nitrate
concentration was determined. Predominantly, nitrate
analysis and information on safe concentrations in feed
and water are presented as the concentration of NO;~
ions (mg per kg dry matter). However, in modern litera-
ture, results can also be found in percentages or parts
per million (ppm). The following formulas are provided
for conversion to interpret the results:

e 1000 mg/kg = 0.1%

e 750 mg/kg = 0.075%

¢ 0.1% = 1000 ppm

e 2100 ppm = 2100 mg’kg

¢ 300 ppm = 0.3 mg/L (for water)
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Calculation examples:

0.1% N—NO; = 0.443% NOs;
0.1 x 4.43 = 4430 ppm NO; = 4430 mg/kg

0.44% NO; = 0.099% N—NO;;
0.44 x 0.226 = 994 ppm N—-NO; = 994 mg/kg

Almost all feeds contain some amount of nitrates.
Since herbivores, especially ruminants, consume diets
with high levels of nitrates, they are potentially among
the most sensitive species to nitrite poisoning due to
their inherent microbial ability to convert nitrates to
nitrites. However, under normal circumstances, prob-
lems do not arise because the resulting nitrite is quickly
removed through bacterial fermentation for anabolism,
forming ammonia, amino acids, and proteins.

2. Sensitivity of methods for determining nitrates:
spectral analysis, nitrite meter, and electrode analysis
The determination of nitrate levels is essential for as-
sessing environmental and agricultural impacts. Various
methods are employed to measure nitrates, each differ-
ing in sensitivity, accuracy, and application. Here, we dis-
cuss the sensitivity of three common methods: spectral
analysis, nitrite meters, and electrode analysis.

Spectral analysis
Spectral analysis, including techniques such as UV-
Vis spectrophotometry, is widely used for nitrate deter-
mination [23]. This method is based on the absorption
of light by nitrate ions at specific wavelengths. The ad-
vantages of spectral analysis include:
¢ High sensitivity: UV-Vis spectrophotometry can de-
tect nitrates at low concentrations, typically in the
range of 0.1 to 5.0 mg/L.
¢ Precision: this method provides precise and repeat-
able results, making it suitable for laboratory use.
¢ Non-destructive: spectral analysis is a non-destruc-
tive technique, preserving samples for further analysis.
However, spectral analysis requires clear, colorless
samples and proper calibration to avoid interference
from other absorbing species.

Nitrite Meter

Nitrite meters are portable devices designed for field
use to measure nitrate levels directly. These meters use
colorimetric or electrochemical principles to provide quick
and easy readings. Key features include:

¢ Moderate sensitivity: nitrite meters can detect ni-
trates in concentrations ranging from 0.5 to 100 mg/L,
depending on the device.

o Portability: these meters are compact and easy
to use in various settings, including on-site field
measurements.

¢ Rapid results: nitrite meters offer fast results,
often within minutes, making them suitable for real-
time monitoring.

While convenient, nitrite meters may have limitations
in terms of accuracy and potential interferences from
other ions present in the sample.

Electrode Analysis
Electrode analysis, such as using ion-selective elec-
trodes (ISEs), is another method for determining nitrate
concentrations [17]. This technique measures the po-
tential difference generated by nitrate ions in a solution.
Its benefits include:
¢ High sensitivity: ISEs can detect nitrates at very
low concentrations, often below 0.1 mg/L.
¢ Specificity: ion-selective electrodes are designed
to respond specifically to nitrate ions, reducing the
risk of interference from other ions.
¢ Versatility: electrode analysis can be performed
in various sample types, including soil, water, and
plant tissues.

However, electrode analysis requires regular calibration
and maintenance to ensure accurate readings. It may also
be influenced by the ionic strength and pH of the sample.

Each method for determining nitrate levels has its
strengths and limitations. Spectral analysis offers high
sensitivity and precision but is best suited for laboratory
environments. Nitrite meters provide rapid and portable
measurements but may sacrifice some accuracy. Elec-
trode analysis combines high sensitivity and specificity
but requires careful calibration and maintenance.

The choice of method depends on the specific re-
quirements of the analysis, including the desired sen-
sitivity, accuracy, and practicality for field or laboratory
use. By understanding the capabilities and limitations of
each method, researchers and practitioners can select
the most appropriate technique for their needs.

The impact of consuming feeds with significant
nitrate concentrations on animals depends on various
factors related to the animals’ condition.

Ruminants can tolerate a wide range of nitrate levels
depending on several factors. Factors that make nitrates
less toxic include:

1. Gradual adaptation: animals can be conditioned
to consume higher amounts of nitrate-rich feed if
the increase is gradual.

2. Health status: healthy animals are less susceptible
to adverse effects than animals with poor health.

3. Adequate carbohydrates: an adequate supply of
carbohydrates (grain) allows animals to consume
more nitrates, as carbohydrates enhance the con-
version of nitrates to microbial protein.

Factors that make nitrates more toxic include [13]:

1. Rapid dietary changes: a sudden change in diet
can trigger nitrate poisoning.

2. Parasitism or anemia: conditions causing anemia
or parasitism increase susceptibility.

3. Multiple sources of nitrates: nitrates in more than
one dietary component (e.g., water and feed).

bionozis meapuH, 2024, 1. 26, N2
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4. Rate of feed consumption: the speed at which
feed is consumed can influence toxicity.

Regardless of the nitrate levels present in feeds,
there are two types of potential toxicity that cause
concern:

1. Acute or lethal toxicity: this occurs when daily
nitrate concentrations ingested by the animal exceed
the conversion rate to nitrites, leading to rapid nitrite
accumulation.

2. Chronic or non-lethal toxicity: this occurs when
prolonged exposure to nitrate-rich feed results in
nitrite accumulation and absorption into the blood-
stream, causing chronic effects.

These effects depend on the duration of consump-
tion of toxic feed. Specifically, the table 2 presents
various effects based on nitrate concentration per kg
of body weight ingested daily for cattle.

3. A compartmental model for nitrate metabolism
in ruminants: relevance and potential insights
3.1. Relevance of modeling nitrate metabolism

The study of nitrate metabolism in ruminants is
crucial due to the significant role these animals play in
agriculture and food production. Ruminants, such as
cattle and sheep, are particularly sensitive to nitrate
toxicity because of their unique digestive systems.
The bacteria present in the rumen can reduce nitrates to
nitrites, which, in excessive amounts, can lead to met-
hemoglobinemia, a condition that affects the oxygen-
carrying capacity of the blood [22].

Modeling nitrate metabolism in ruminants provides
several important benefits:

Risk assessment and management: by under-
standing how nitrates are metabolized and accumulated
in ruminants, farmers and veterinarians can better man-
age feed and forage to prevent nitrate toxicity. This is
particularly important in regions where nitrate levels in
plants and water can fluctuate significantly.

Optimizing feed composition: a compartmental
model allows for the simulation of different dietary

Table 2. Effects of nitrate concentration on cattle

Total daily dose  Total daily dose  Total daily dose

scenarios, helping in the formulation of feeds that
minimize nitrate accumulation while ensuring nutri-
tional adequacy. This can lead to the development
of feeding strategies that enhance animal health and
productivity.

Environmental impact assessment: modeling
can help assess the environmental impact of nitrate
usage in agriculture. By understanding how nitrates
are processed in ruminant systems, it is possible to
predict the fate of nitrates excreted in manure, which
can contribute to nitrate pollution in soil and water.

Guiding agricultural practices: insights from
the model can inform agricultural practices, such as
the timing and amount of fertilizer application, to en-
sure that nitrate levels in forage crops remain within
safe limits. This can lead to more sustainable farming
practices that protect both animal health and the en-
vironment.

Public health and food safety: ensuring that ni-
trate levels in meat and dairy products are within safe
limits is essential for public health. Modeling nitrate
metabolism helps in understanding how nitrates and
their metabolites accumulate in animal tissues, which
is vital for food safety regulations and standards.

3.2. Compartmental model for nitrate metabolism
in ruminants
Compartmental Model:

¢ Rumen compartment C,: nitrite concentration in
the rumen (mg)

¢ Rumen compartment C,: this compartment rep-
resents the rumen, where nitrates are ingested
through contaminated feed or water. In the rumen,
nitrates are rapidly reduced to nitrites by microbial
action. Nitrate concentration in the rumen (mg)

¢ Blood compartment C,: this compartment represents
the bloodstream, where absorbed nitrites are distrib-
uted. Nitrite concentration in the blood (mg)

e Metabolism and excretion compartment C;:
this compartment represents the metabolism and
excretion of nitrates and nitrites from the body.
Nitrite concentration in the tissues (mg)

(mg NO;7kg (mg N—NO;/kg (mg KNO,/kg Effect
body weight) body weight) body weight)
<97.7 <22.0 <97.7 Generally safe under all conditions.
97.7-195.3 22.0-44.0 97.7-195.3 Safe for most animals. May be unsafe for pregnant and very young animals.
Potentially unsafe for pregnant and young animals. May cause reduced appetite,
195.3-293 44.0-66.1 195.3-293 slow growth, abortions, and decreased milk production. Research suggests
a decrease in milk production of approximately 15.9 mg NO;/kg body weight.
Unsafe level of intake for all animals. Reduced appetite, vitamin A deficiency,
coa Bl AL abortions, and overall reduced productivity.
>390.7 >88.2 >390.7 Acute toxicity possible in most animals. In dairy cattle, 45.4 mg NO;/kg body weight

can result in 50% mortality.
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The kinetic equations for this compartmental model
can be described as follows:
1. Rumen (Nitrite) :

dC, / dt = K.ony * Cy — Kog * Cy

dC, / dt — the rate of change of nitrite concentration
in the rumen over time;

Keonv * C4 — the rate of nitrite formation in the rumen
due to the conversion of nitrate.

2. Rumen (Nitrate):
dC1 /dt= —ki; * C1 — Keonv * C1

dC, / dt — the rate of change of nitrate concentration
in the rumen over time;

—k,, * C, — the rate of nitrate transfer from the rumen
to the blood;

—keony ¥ C4 — the rate of nitrate conversion to nitrite
within the rumen.

3.Blood:
dC2 I dt = k12 * C1 + k01 *CO - k23 * CZ

dC, / dt — the rate of change of nitrite concentration
in the blood over time;

ki, * C; — the rate of nitrite entering the blood from
the rumen (after nitrate conversion);

ko *Co — the rate of nitrite entering the blood directly
from the rumen;

—ky3 * C, — the rate of nitrite absorption from the blood
into the tissues.

4.Tissues:
dC,;/dt=ky,;*C,—k; *C;

dC, / dt — the rate of change of nitrite concentration
in the tissues over time;

k,; * C, — the rate of nitrite absorption from the blood
into the tissues;

—k;, * C; — the rate of nitrite excretion/metabolism from
the tissues.

Description:

o These differential equations describe the dynamics
of nitrate and nitrite concentrations in different com-
partments within the ruminant animal’s body.

e The model accounts for the conversion of nitrate to
nitrite in the rumen, the transfer of nitrite from the
rumen to the blood, the absorption of nitrite from
the blood into tissues, and the excretion/metabo-
lism of nitrite from tissues.

e The rate constants (ki,, K3, K30, Keony) determine
the intensity of each process and can be adjusted
based on experimental data or physiological pa-
rameters of the animals.

This model is a simplified representation of a complex

biological process. For more accurate results, it's essen-
tial to consider individual animal characteristics, their diet,
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and other factors that can influence nitrate metabolism.
Using the NumPy-based SciPy library in code written
in Python, the proposed system of ordinary differential
equations (ODEs), which are the core of our compart-
mental model, was solved. The results are shown in fig.

The figure displays the change in nitrite concentra-
tion within the rumen over a 24-hour period. The model
demonstrates the conversion of nitrate to nitrite in the ru-
men and the subsequent transfer of nitrite to the blood-
stream. The initial spike in nitrite concentration is due
to the rapid conversion of nitrate, followed by a gradual
decrease as nitrite is absorbed into the blood.

ki, = 0: this eliminates the direct transfer of nitrate
from the rumen to the blood, preventing its dilution and
potential detoxification in the liver.

keonv = 0.9: this significantly increases the rate of
conversion of nitrate to nitrite in the rumen, leading to
a rapid accumulation of nitrite.

C.0 =400.0: the high initial dose of nitrate provides
ample substrate for the rapid conversion to nitrite.

The combination of these factors results in a scenario
where nitrite rapidly accumulates in the rumen and then
overwhelms the animal’s ability to detoxify it, leading to
a dangerous spike in blood nitrite levels and potential fatality.

Given the provided parameters and initial conditions,
let's analyze the expected outcome of the simulation in
terms of nitrate and nitrite levels in a ruminant animal.
With the modified parameters, the animal is exposed to
a high initial dose of nitrate (400 mg) and a rapid conver-
sion rate of nitrate to nitrite (ke = 0.9). Simultaneously,
the direct transfer of nitrate from the rumen to the blood
is blocked (ky, = 0), while the absorption of nitrite from
the blood to tissues and its excretion are relatively slow-
er (ko3 = 0.1, ksp = 0.2). Since the animal received a lethal
dose of nitrate, we can expect a rapid accumulation of
nitrite in the rumen due to the high conversion rate and
lack of direct nitrate transfer. This will subsequently lead
to a significant increase in nitrite levels in the blood, ex-
ceeding toxic thresholds, and potentially causing acute
toxicity. To confirm this, let’s run the simulation without
plotting the graph and examine the peak nitrite concen-
trations in the blood.

With the modified parameters, the simulation re-
sults in a maximum nitrite concentration in the blood
of 256.56 mg. This high level of nitrite in the blood,
likely exceeding the toxic threshold, would be consis-
tent with a lethal dose of nitrate leading to acute toxic-
ity in the ruminant animal.

3.3. Insights from the model

A compartmental model for nitrate metabolism in
ruminants can provide detailed insights into several
key aspects:

1. Kinetics of nitrate reduction: the model can eluci-
date the rates at which nitrates are reduced to nitrites
and further to ammonia in the rumen. Understanding
these kinetics is essential for predicting the conditions
under which toxic levels of nitrites might accumulate.

bionozis meapuH, 2024, 1. 26, N2



Oliynyk |. Ya.

From Chilean saltpeter to modern agriculture: navigating nitrate toxicity in ruminants through compartmental modeling

e Nitrite in rumen, Co

Nitrate in rumen, C4

e Nitrite in blood, C, e Nitrite in tissues, Cs

400

350

300

250

_

Concentration, mg

X

NRIVAN

N VAN

°7 - |

|
0 5 10

Time, hours

Fig. Nitrite concentration in the rumen over time (results of the proposed model implemented in Python)

2. Distribution of nitrate metabolites: by modeling dif-
ferent compartments within the animal’s body (e.g.,
rumen, blood, tissues), it is possible to track the dis-
tribution and concentration of nitrate metabolites.
This helps in identifying critical points where inter-
ventions can be made to reduce toxicity.

3. Impact of diet and environment: the model can
simulate how different dietary components and en-
vironmental conditions (such as water nitrate levels
and forage type) affect nitrate metabolism. This can
guide the selection of optimal feeding practices and
environmental management.

4. Inter-species variability: The model can be adapt-
ed to study different ruminant species, allowing for
comparisons and the development of species-specific
recommendations. This is particularly useful for mixed
farming operations.

5. Predictive tool for management decisions: by inte-
grating real-time data and scenario analysis, the mod-
el can serve as a predictive tool for making informed
management decisions. This can help in preemptively
addressing potential issues related to nitrate toxicity.

In summary, a compartmental model for nitrate
metabolism in ruminants is a valuable tool for improving
animal health, optimizing agricultural practices, and en-
suring food safety. By providing detailed insights into the
complex processes involved in nitrate metabolism, the
model supports the development of effective strategies
for managing nitrates in ruminant production systems.

The Animal Biology, 2024, vol. 26, no. 2

Nitrate/nitrite poisoning poses a significant threat to
ruminant livestock, necessitating a comprehensive un-
derstanding of its multifaceted nature. This article has
provided an in-depth overview of the historical context,
diverse sources of exposure, intricate metabolic path-
ways, and varied mechanisms of action associated with
nitrate toxicity. The complexity of this issue is further
compounded by the variability in reported nitrate/nitrite
levels and the diversity of analytical methods employed.

Compartmental modeling emerges as a crucial tool
in navigating these complexities. By simulating the dy-
namic processes of nitrate intake, conversion to nitrite,
absorption, distribution, and excretion, these models of-
fer valuable insights into the factors that influence nitrate
toxicity in ruminants. This knowledge can be leveraged
to develop evidence-based interventions, optimize feed-
ing practices, and guide agricultural management deci-
sions to mitigate the risks associated with nitrate expo-
sure. Ultimately, the integration of research, modeling,
and practical application holds the promise of fostering
sustainable agricultural practices that prioritize animal
welfare, environmental health, and food safety.
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Big uunincbKoi ceniTpm Ao cy4acHOro CiflbCbKOro rocnogapcTBa: AoCnigKeHHSA HiTpaTHOI TOKCUYHOCTI
B XKyWHMUX TBapuH 32 AOMOMOIol KOMNapTMeHTanbHOro MmoaentoBaHHA

1. A. OnidHuk
lakmus3041@gmail.com

IhcTuTyT Gionorii TBapuH HAAH, Byn. B. Ctyca, 38, m. JlbBiB, 79034, YkpaiHa

OTpyeHHS HiTpaTaMU/HITPUTaMK € 3Ha4HOK NPOBNEMOto Ans 30NOPOB’s XKYNHUX TBAPWH, 3 ICTOPUYHMMI KOPEHSIMU, LLIO NepeayoTh LUn-
POKOMY BUKOPUCTaHHIO a30THMX A06puB. Lien ornsapg gocnigxye pisHi doaktopu, siki CpUsoTh HITPaTHIN TOKCUYHOCTI, 30KpeMa MPUPOAHI Ta
aHTPOMOTEHHI xepena, LWrsaxm MeTaboniamy, MexaHiamu fji Ta BapiabenbHICTb y HasiBHMX AaHuX. [MigKpecntoeTbCa BaXIMBICTL KOMNapT-
MEHTarbHOro MoAEroBaHHs A4S po3yMiHHsI AnHamiku MeTaboniamy HiTpartis. Li Mogeni HagaoTe OcHOBY Arsi MOLEMOBAHHS CKIaAHMX
NpoLECiB, NMOB'I3aHNX 3i CMOXMBaHHAM, NepeTBOpeHHAM, abcopOLlieto, po3noairiomM Ta BUBEAEHHSAM HiTpaTiB, LLO 3PeLUTor CrpUsie po3-
pobLi edpekTMBHUX CTpaTerii MOM’AKLIEHHS Hacniakie. MeToto L€l cTaTTi € HagaHHs BCeBiYHOro ornsay OTPYEHHS HiTpataMmu/HiTpuTamm B
XYWHUX TBApWH Ta NiAKPECINEeHHs porni KOMMNapTMeHTarbHOro MogertoBaHHs Ansi 36epesxeHHst 300poB’st TBAPWH, ONTUMI3aLi CinlbCbKoroc-
noJapchbKnX MPaKTUK Ta 3abe3neyeHHst 6e3nekn xap4oBKX NPOAYKTIB Y KOHTEKCTI Cy4acHOro CiMbCbKOro rocriofapcraa.

Knto4yoBi crnoBa: HiTpaTHa TOKCUYHICTb, XYViHi TBapUHW, KOMNapTMeHTarnbHe MOAENtoBaHHS, MeTreMornobiHeMmis, ynpaeniHHS kopMamu
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