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Simple Summary: This review delves into key metabolic diseases affecting dairy cattle such as
subacute ruminal acidosis (SARA), ketosis, and hypocalcemia. The aim of this review was to
examine each disease in terms of its etiology, pathophysiology, clinical manifestations, diagnostic
approaches, and treatment and prevention strategies. This review emphasizes early diagnosis and
proactive management, so it can serve as a valuable resource for veterinarians, researchers, and dairy
farmers, offering insights into the prevention and treatment of these prevalent metabolic diseases in
dairy cattle.

Abstract: This review paper provides an in-depth analysis of three critical metabolic diseases affecting
dairy cattle such as subacute ruminal acidosis (SARA), ketosis, and hypocalcemia. SARA represents
a disorder of ruminal fermentation that is characterized by extended periods of depressed ruminal
pH below 5.5–5.6. In the long term, dairy herds experiencing SARA usually exhibit secondary signs
of the disease, such as episodes of laminitis, weight loss and poor body condition despite adequate
energy intake, and unexplained abscesses usually 3–6 months after an episode of SARA. Depressed
milk-fat content is commonly used as a diagnostic tool for SARA. A normal milk-fat test in Holstein
dairy cows is >4%, so a milk-fat test of <3% can indicate SARA. However, bulk tank testing of milk fat
is inappropriate to diagnose SARA at the herd level, so when >4 cows out of 12 and <60 days in milk
are suspected to have SARA it can be considered that the herd has a problem. The rapid or abrupt
introduction of fresh cows to high-concentrate diets is the most common cause of SARA. Changes
in ruminal bacterial populations when exposed to higher concentrate rations require at least about
3 weeks, and it is recommended that concentrate levels increase by no more than 400 g/day during
this period to avoid SARA. Ketosis, a prevalent metabolic disorder in dairy cattle, is scrutinized with a
focus on its etiological factors and the physiological changes leading to elevated ketone bodies. In total
mix ration-fed herds, an increased risk of mastitis and reduced fertility are usually the first clinical
signs of ketosis. All dairy cows in early lactation are at risk of ketosis, with most cases occurring in the
first 2–4 weeks of lactation. Cows with a body condition score ≥3.75 on a 5-point scale at calving are
at a greater risk of ketosis than those with lower body condition scores. The determination of serum
or whole blood acetone, acetoacetate, beta-hydroxybutyrate (BHB) concentration, non-esterified fatty
acids (NEFA), and liver biopsies is considered the best way to detect and monitor subclinical ketosis,
while urine or milk cowside tests can also be used in on-farm monitoring programs. Concentrations
>1.0 mmol/L or 1.4 mmol/L blood or serum BHB are considered diagnostic of subclinical ketosis. The
standard threshold used for blood is 1.2 mmol/L, which corresponds to thresholds of 100 mcmol/L
for milk and 15 mg/dL for urine. Oral administration of propylene glycol (250–400 g, every 24 h for
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3–5 days) is the standard and most efficacious treatment, as well as additional therapy with bolus
glucose treatment. Hypocalcemia is a disease of adult dairy cows in which acute hypocalcemia causes
acute to peracute, afebrile, flaccid paralysis that occurs most commonly at or soon after parturition.
Dairy cows are at considerable risk for hypocalcemia at the onset of lactation, when daily calcium
excretion suddenly increases from about 10 g to 30 g per day. Cows with hypocalcemia have a more
profound decrease in blood calcium concentration—typically below 5.5 mg/dL. The prevention
of parturient paresis has been historically approached by feeding cows low-calcium diets during
the dry period. Negative calcium balance triggers calcium mobilization before calving and better
equips the cow to respond to the massive calcium needs at the onset of lactation. Calcium intake
must be limited to <20 g per day for calcium restriction to be effective. The most practical and
proven method for monitoring hypocalcemia is by feeding cows an acidogenic diet for ~3 weeks
before calving. Throughout the review, emphasis is placed on the importance of early diagnosis and
proactive management strategies to mitigate the impact of these metabolic diseases on dairy cattle
health and productivity. The comprehensive nature of this paper aims to serve as a valuable resource
for veterinarians, researchers, and dairy farmers seeking a deeper understanding of these prevalent
metabolic disorders in dairy cattle.

Keywords: dairy cattle; diseases; milk; cows; dairy industry; metabolic disorders

1. Introduction

In today’s intensive dairy farming, high demands are placed on the organism of
each cow during the production cycle [1,2]. Requirements include the production of large
quantities of excellent quality milk and the birth of one calf per cow annually. For example,
a cow in peak lactation is expected to reach a production of 30–40 L of milk per day, milk fat
content of 3–5%, milk protein content of 3–3.2%, and somatic cell count below 400,000 [3–5].
When combined with an ideal production cycle of 305 days of lactation and a dry period
of 60 days, along with a reproductive cycle consisting of a service period of 80 days and
a pregnancy duration of 285 days, it can be concluded that today’s demands on a living
organism, in this case, a dairy breed cow, are very high [6,7].

In this cycle, balanced nutrition is crucial, depending on the specific period of the
production cycle. For farmed animals, such as dairy cattle, health and biological functioning
are often prioritized. It is well known that during the peripartum period, dairy cows are
generally under a state of negative energy balance (NEB), during which they mobilize body
fat reserves to provide NEFAs. Despite the action of homeostatic mechanisms to maintain
blood parameters within physiologic levels, changes in metabolites and hormones occur
as a result of increased metabolic demands in lactating animals. These changes are not
necessarily indicative of diseases but make animals physiologically unstable and more
susceptible to a number of metabolic diseases at this stage than during other life periods,
compromising productivity. In recent years, nutritional strategies have emerged and have
been proposed as a key factor to improve the health status and welfare of animals, as well as
to enhance productivity in livestock [8–11]. The most critical period in dairy farming is the
transition period [12]. The transition period (the period 3 weeks before and 3 weeks after
calving) is when there is a rapid increase in the requirements for substances necessary for
milk synthesis. Since milk production rapidly increases from zero to the quantities needed
for calf nutrition, the adjustment must be quick, leading to a mismatch between needs and
adaptability. Due to these reasons, metabolic disorders often occur at the beginning of
lactation [13–15].
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The colostrum quantity In dairy cows is approximately 10 kg, and by the peak of
lactation, the daily amount of milk produced increases to over 40 kg. Milk from cows
typically contains an average of 4.1% fat, 3.4% protein, 4.6% lactose, and 0.7% ash. Based
on the mentioned data, it can be calculated that a cow at the peak of lactation can secrete
around 1600 g of fat, 1300 g of protein, 1800 g of lactose, and 280 g of minerals per day [16].
Given this, the significance of this period cannot be emphasized enough, as the most
significant problems with long-term consequences often arise in these 6 weeks. As a rule,
care for the health of dairy cows must begin three weeks before the expected calving, or
even much earlier [17].

During the transition period, certain physiological changes occur, such as the intensive
growth of the fetus, a reduction in the volume of the rumen, the development of the
mammary gland for milk synthesis after calving, social changes, and alterations in the
environment where the cow resides [18]. In summary, during the transition period, there is
up to a 40% reduction in dry matter intake, and the cow’s nutritional needs are dramatically
increased (up to three times for glucose and two times for amino acids) [13]. There is a
deficiency of vitamins A and E, leading to a NEB [19]. Potential reasons that can explain
some of the results obtained by Buonaiuto et al. [20] may be related to the status of negative
NEB that commonly occurs in the periparturient period. Plaizier et al. [21] reported that,
in addition to NEB, cows can also experience a negative nitrogen balance in the first days
after calving. In this phase, dairy cows cannot fulfill the energy deficit by increasing their
feed intake [22]. Straczek et al. [23] reported that lactating dairy cows are characterized by
high plasma levels of leptin, an anorectic hormone, directly related to a high loss of body
condition caused by intensive lactogenesis. Therefore, cows are forced to mobilize body
reserves, like fat and muscle tissue. During early lactation, a cow can lose around 20 kg
of muscular tissue and between 8 to 57 kg of body fat [24]. Mammals are physiologically
unstable and susceptible to a number of metabolic diseases during the peripartum period,
compromising productivity [25–27]. During the peripartum period, dairy cows face a
dysfunctional immune system and an increased inflammatory state due to the modulation
of pathways related to metabolism, immune status, and the endocrine system [28].

The aim of this review is to provide a brief overview of the most important metabolic
disorders in dairy cows during this critical transitional period. Focus will be placed on
disorders such as SARA, ketosis, and hypocalcemia. These diseases represent a growing
problem in the dairy industry, even on well-managed farms, as silent, covert, or very
dramatic cases of these diseases can directly or indirectly cause financial losses to the farm
owner. This is because they directly impact the quantity and quality of the obtained milk,
the animals’ production rate, and the profitability of dairy farming itself.

2. Subacute Ruminal Acidosis

SARA is a digestive metabolic disorder that is increasingly prevalent in dairy cow
herds [29,30]. In SARA, there is a decrease in the pH value of the rumen content below the
critical point of 5.5 for longer periods, leading to a complex disturbance that significantly
disrupts normal metabolic processes [31]. Due to the elevated intake of carbohydrates in the
feed, dairy cows release an excessive amount of volatile fatty acids in the rumen, causing
the pH value of the rumen content to drop below 5.5 [32]. Milk production decreases
(Figure 1), the health of the animals is compromised, and a large number of cattle at the
herd level may need to be culled.
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Figure 1. Subacute ruminal acidosis effects on mammary gland [33].

Ruminants reflexively stop eating, rumination slows down, and there is mild diarrhea
characterized by pasty feces sometimes containing gas bubbles. The greatest risk for the
onset of the disease is within 60 days after calving. SARA, as a result of certain feeding
programs on dairy farms, tends to occur more frequently as a continuous rather than a
transient disorder [34].

2.1. Etiology and Pathophysiology

Feeding dairy cows meals with an excessive proportion of carbohydrates causes
changes in the composition and quantity of the micro-population in the rumen [35]. With a
sudden increase in the quantity of bacteria that release lactic acid through their metabolism,
there is a rapid rise in the concentration of lactic acid in the rumen [36]. Lactic acid damages
the rumen wall and, in doing so, passively enters the bloodstream, causing changes in the
liver, lungs, heart valves, kidneys, and joints. If the increased carbohydrate intake persists
for long enough, harmful substances damage the capillary system of the organism, making
SARA the most significant predisposing factor for the development of laminitis [37,38].
Nowadays, the loss of body condition due to, e.g., ketosis is considered to be much more
related to laminitis or claw-horn disruption [39].

The epithelium of the rumen mucosa is not protected by a mucous layer, making
it very sensitive to the action of acids. An increase in the proportion of organic acids,
especially lactic acid, lowers the pH value of the rumen content and causes reduced rumen
motility [40]. Even under physiological conditions, when the pH value of the rumen content
drops to less than 5.5, the release of the hormone secretin begins in the small intestine,
slowing down the motility of the rumen. Increasing the frequency of feeding, from twice a
day to six times a day, can reduce variations in rumen pH after feeding, but it can also lead
to increased feed intake and ultimately cause a decrease in rumen pH content [41]. This
mechanism is harmful because retaining acidic content in the rumen allows the absorption
of larger amounts of lactic acid into the bloodstream. After the pH of the rumen content
drops to around 5.6, the intake of solid matter noticeably decreases [42]. Prolonged low
pH values in the rumen content often cause hyperkeratosis, ruminitis, erosions, and ulcers
on the rumen epithelium [43]. In addition to ulcers on the rumen epithelium, nowadays,
ulcers in the abomasum are more frequently seen than in the rumen. Abomasal ulcers affect
mature cattle and calves and have several different manifestations [44]. Common clinical
signs include anorexia, bruxism, abdominal pain, occult blood in the feces, and tachycardia.
Except for lymphosarcoma of the abomasum and the erosions of the abomasal mucosa
that develop in viral diseases such as bovine viral diarrhea, bovine leukemia virus, and
bovine malignant catarrhal fever, the causes of abomasal ulceration are not well understood.
Although abomasal ulcers can occur at any time during lactation, they are common in
high-producing, mature dairy cows within the first 6 weeks after parturition [45].
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2.2. Clinical Presentation

A herd of dairy cows experiencing SARA often does not show clear clinical signs. The
greatest risk for the onset of the disorder is within 60 days after calving. In most animals,
only transient rumen hypotonia is observed, accompanied by a slightly reduced appetite
and less frequent rumination [38]. A more evident clinical sign of subacute ruminal acidosis,
noticeable at the herd level, is reduced feed intake (when the pH value of the rumen content
drops below 5.5), decreased milk production, reduced milk fat content in the milked milk,
poor body condition of cattle despite a nutritionally well-balanced diet, sudden diarrhea,
and the onset of laminitis. The number of culled cows may increase, and cow mortality
may rise without a clear cause of death. Spontaneous nosebleeds due to the development
of the venae cavae caudalis syndrome are also possible [37].

When the pH value of the rumen content drops below 5.5, ruminants reflexively
stop eating, rumination slows down, and mild diarrhea characterized by pasty feces
containing gas bubbles may occur. The period of reduced feed intake usually lasts for
several days. Cattle resume optimal feed intake when the rumen micro-population adapts
to the increased carbohydrate intake, and the pH value of the rumen content rises to above
5.5. Laminitis is often described as one of the symptoms of subclinical ruminal acidosis.
It can be acute, subacute, or chronic [38]. Recognizing the initial signs of subclinical
ruminal acidosis and subclinical laminitis is a significant challenge for the dairy industry.
The cause-and-effect relationship between acidosis and laminitis is likely a change in
the hemodynamics of peripheral capillary blood flow [37]. The most common signs of
subclinical laminitis are bleeding and a yellowish discoloration of the soles. Other clinical
signs may develop—such as double sole and erosions of the sole, as well as concave
distortion and folding of the dorsal wall of the hoof—with sensitive walking, and so short
steps are needed [46].

2.3. Diagnosis

During the diagnosis of SARA, health disorders that may arise due to spoiled silage,
poor diet composition, and errors in feeding table setup must be ruled out. Because of the
unclear symptoms that appear in each animal affected by SARA, diagnostic procedures are
employed to assess parameters studied at the herd level.

Determining the pH value of rumen contents is the most commonly used method
in diagnosing SARA in dairy cow herds [47]. Animals in the first month of lactation are
selected for sampling, and the sample must include at least 12 sampled cattle. Samples
are collected 2 to 4 h after being fed fresh meals. Rumen contents are sampled either
by ruminocentesis or by using a rumen probe. Measuring the pH value of the sampled
rumen contents with indicator paper, which has a pH measurement range of 2 to 12,
yields satisfactory results [48]. If the pH value of rumen contents is found to be less than
5.5 in over 25% of cattle in the selected sample, there is considered to be a high risk of
SARA development. In a sample of 12 cows, having 2, 3, or 4 cows positive (with a lower
pH of rumen contents below 5.5) would indicate a critical situation in that herd. If 4 or
more cows out of the 12 sampled are positive, meaning they have a pH lower than 5.5,
the herd is considered positive for SARA. The procedure for measuring the pH value of
rumen contents should be applied in conjunction with other diagnostic methods, such as
evaluating the quality of the cattle’s diet, assessing herd management, and identifying
other health problems at the herd level [49]. A decrease in the milk fat percentage has been
proven to be an unreliable indicator in diagnosing subacute ruminal acidosis [50].

2.4. Prevention of SARA

Clinical signs of SARA manifest only after a certain period from the commencement
of improper feeding of cows [51]. Therefore, preventive measures should be primarily
implemented in dairy cow herds to prevent the occurrence of SARA. After confirming the
presence of SARA in the herd, and before taking any suppression measures, it is essential
to identify the cause of its occurrence [37]. The causes are typically grouped into three
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categories: excessive carbohydrate intake in the diet, inadequate rumen buffering, and
poorly conducted rumen adaptation to diets with increased carbohydrate content [52].

During the early lactation period, prevention is of utmost importance. It is crucial to
ensure a gradual increase in the proportion of carbohydrates in the diet during the first six
weeks after calving. The best prevention of SARA is achieved by aligning the increase in
carbohydrate content in the diet with an increase in dry matter intake. Special feeding patterns
have been developed, prescribing acceptable carbohydrate proportions when formulating
diets for cows in the first six weeks of lactation, and maintaining raw fiber intake without
compromising energy levels to prevent ketosis [53]. Another risk moment is when cows obtain
the maximal carbohydrate intake. It is assumed that the weekly increase in carbohydrate intake
should be only 0.9 to 1.6 kg. Scientists recommend adding various preparations to prevent
subacute ruminal acidosis. Adding monensin to the feed redirects the metabolism of volatile
fatty acids and increases propionate production, which further stimulates gluconeogenesis.
Monensin also has a favorable effect on preventing ketosis as it increases milk production,
although it simultaneously reduces the percentage of milk fat [54].

Adding lactate to the diet in the late dry period can help with a faster adaptation
of the micro-population to diets with increased carbohydrate content [55]. To facilitate
adaptation to the increased lactate content, bacteria that are direct consumers of lactate can
be applied to the rumen, thus temporarily reducing the risk of a decrease in the pH value
of rumen contents.

Preventing SARA also involves assessing the actual proportions of all ingredients in
the diet. Determining the actual values of the consumed diet is possible only through a
careful evaluation of all steps in the ingredient processing, preparation, and delivery of the
finished diet to the feeding table. Careful and proper sampling of a composite sample and
analyzing all ingredients can help us to uncover hidden errors in the composition of the
diet delivered to the cattle. It is considered that herds with an identified increased intake of
dry matter in the diet have a significantly higher risk of developing SARA [56]. In such
herds, it is urgently necessary to reduce the proportion of carbohydrates in the diets. The
proper representation of all feed ingredients in any part of the diet is crucial in the feed
preparation process.

The delivery of feed to the feeding table and the possibility of free access for each
animal to the offered feed are often the most underestimated aspects of herd management.
Dairy cow herds are most often fed ad libitum to achieve the highest nutrient intake in each
cow, aiming to increase milk production [57]. Introducing dietary restrictions during the
period of the highest risk of SARA is believed to reduce the occurrence of this disorder [58].

Diets with overly fine particles of raw fiber increase the risk of SARA [59]. However,
diets with excessively long pieces of raw fiber can also increase the risk of SARA as they
allow for easier sorting of feed at the feeding table. Dominant cows, which are usually the
first to access the feeding table, tend to sort the feed, consuming portions with the highest
energy content and insufficient levels of rough fiber, making them more susceptible to the
development of SARA.

3. Ketosis

Ketosis is a common metabolic disorder in dairy cows that occurs 2–4 weeks after
calving, characterized by an increased concentration of ketone bodies (BHB) in blood, milk,
and urine [60]. Cows with clinical ketosis exhibit symptoms such as anorexia, abnormal
licking and chewing, rapid weight loss, and reduced milk production [61,62]. Ketones are
byproducts of the conversion of fats into carbohydrates, and ruminants use them as an
energy source to a limited extent under physiological conditions [63]. Crucially, reducing
the severity and duration of NEB is vital for preventing ketosis [64].

3.1. Etiology and Pathophysiology

Favorable factors for cows’ metabolic predisposition to ketosis include their milk con-
stitution, while immediate errors in nutrition and the failure of neurohormonal regulation
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of metabolism contribute to the problem. Cows are physiologically inclined to a shortage
of carbohydrates, specifically glucose, making the process of gluconeogenesis from other
sources (propionic acid, glycerol, and proteins) crucial for maintaining metabolic balance.
An excess of concentrates in the diet disrupts the physiological balance of volatile fatty acids
in the rumen, favoring ketogenic acids (acetic and butyric acid) at the expense of propionic
acid. At the beginning of lactation, cows face sudden and drastically increased energy
demands [65]. The increase in postpartum feed intake lags behind the energy needs during
lactation, leading to a NEB [66]. Fats are mobilized from body reserves in the form of NEFA
to meet the energy demand. NEFA travels to the liver where it is utilized in three ways:
complete oxidation into energy, incomplete oxidation into ketone bodies, or re-esterification
into fatty acids [67]. In early lactation, homeorhesis is a leading physiological process [68].

Additionally, conditionally pathogenic microorganisms causing continuously present,
common, and sometimes fatal infections (mostly in the digestive and respiratory systems,
mammary glands, and reproductive system) can be attributed to the mentioned etiological
factors. Due to the lack of oxaloacetic acid, there is increased fat breakdown in the liver,
resulting in abundant ketone formation [68]. Ketones accumulate in the blood (ketonemia)
and tissues and are excreted in urine (ketonuria) [69].

The liver can compensate for the metabolic changes that occur, and decompensation
begins when glycogen and biocatalyst reserves are depleted, leading to hepatic fatty
degeneration and later cirrhosis. Among the ketone byproducts, acetoacetic acid is the
most important, playing a crucial role in the organism’s intoxication [70]. Due to the
accumulation of other acidic degradation products, changes in substances occur, resulting
in metabolic acidosis and dehydration, further complicating the already disturbed overall
condition of the animal [71].

Type 1 ketosis is spontaneous ketosis occurring in undernourished cows and is also
known as thin cow syndrome. It typically manifests in cows 2 to 4 weeks after calving [63].
Named type 1 due to its similarity to type 1 diabetes mellitus, both conditions exhibit
reduced insulin concentration in the blood, although the causes differ. In diabetes, insulin
concentration decreases due to pancreatic hormone secretion disorders, while in ketosis, it
is low due to chronic hypoglycemia [72]. Cows with type 1 ketosis can produce glucose
from precursors (rumen propionate and amino acids from the small intestine). The limiting
factor is the supply of glucose precursors. Under these conditions, ketone concentration in
the blood becomes very high, and glucose concentration becomes very low [73].

Type 2 ketosis, also known as fat cow syndrome, encompasses obese cows and those
experiencing NEB and fat mobilization just before calving. The fundamental change in
type 2 ketosis is fatty degeneration of the liver, clinically evident after calving. Obese cows
are at the greatest risk because they are prone to reduced feed intake during calving [74].
Excessive lipolysis is evident in significantly increased NEFA concentrations and more
massive liver triglyceride accumulation. During intensive gluconeogenesis, large amounts
of NEFA from the serum are redirected to the liver, where they are synthesized into ketone
bodies. Ketone bodies consist of 70% BHB, 28% acetoacetate, and 2% acetone [75]. The
predominant ketone body is dependent on the stage of lactation [76]. Fatty degenerated
livers have reduced gluconeogenic potential, and disease signs in cows appear before
or within the first weeks after calving. Type 2 ketosis is metabolically similar to type 2
diabetes, with both conditions exhibiting elevated insulin and glucose concentrations in
the blood (transiently in cows with ketosis), interpreted as tissue insulin resistance [77].
Obesity seems to play a significant role in tissue insulin resistance. In obese cows, fat
mobilization worsens existing liver fatty degeneration, promotes ketone formation, and
reduces appetite [63]. Ketone concentration is elevated but is still lower than in type 1
ketosis. Fatty degenerated hepatocytes have reduced gluconeogenic potential, and the
liver’s immune response is compromised [78]. Often, such cows succumb to infections of
different origin.

Type 3 ketosis is caused by an excess of butyric acid in feed (butyric acid silage ketosis).
Some herds constantly face ketosis issues due to being fed ketotic silage. If bacteria of
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the Clostridium sp. develop in silage due to moisture and other favorable conditions,
carbohydrates are metabolized into butyric instead of lactic acid [79]. Silage with clostridial
microflora has a specific rancid smell of butyric acid. To confirm significant amounts of
butyric acid, a laboratory analysis of the suspicious silage sample is required for clostridial
fermentation [80]. Various studies have shown that a daily dose of 50–100 g of butyric acid
can cause subclinical ketosis, while a dose exceeding 200 g leads to the development of
clinically manifested ketosis [81,82]. Cows primarily use butyric acid as an energy source
for the rumen muscle. Approximately 75% of the remaining butyric acid is converted into
BHB, one of the direct causes of ketosis. The liver can transform the produced BHB into
acetoacetic acid or reverse the process [83]. The daily dose of butyric acid for dairy cattle
should be less than 50 g per cow. Aerating silage before feeding cows can reduce butyric
acid content by 50%, making it more suitable for feeding [84].

3.2. Clinical Presentation

The clinical presentation of ketosis develops in two phases: the subclinical or latent
phase, and the clinical, clearly expressed phase. Subclinical ketosis in dairy cows is the
presence of ketone bodies in circulation without the presence of clinical signs of ketosis [79].

Subclinical ketosis (latent phase) manifests as nonspecific general disturbances in
metabolic balance. It includes unbalanced milk production, a tendency to lose weight
despite appetite and normal rumen function, and occasional moderate ketonuria. A cow
with developed subclinical ketosis may not always be thin (for example, in the case of
fat cow syndrome). Unbalanced milk production is characterized by significant daily
variations in milk quantity without a visible cause [85]. Biochemically, subclinical ketosis is
marked by hypoglycemia and ketonemia [86]. Subclinical ketosis remains latent until the
increase in ketone concentration exceeds the blood glucose concentration. Due to its latent
course and significant production losses, subclinical ketosis has considerable practical and
economic importance. The prevalence of subclinical ketosis in early lactation dairy cows
ranges from 7.5% to 14%. Cows with subclinical ketosis have a 4.9 times higher chance of
developing metritis, a 6.1 times higher chance of developing displaced abomasum, and a
1.98 times higher chance of developing hoof diseases [87].

The clinically manifested phase occurs when the concentration of ketones in the blood
exceeds the concentration of glucose, but it can also manifest earlier if hormonal regulation
fails. Initially, general symptoms of disrupted energy balance and indigestion syndrome
predominate in the clinical presentation. Consequently, there is rapid weight loss in early
lactation, reduced milk production, decreased fertility, higher veterinary service costs, and
ultimately a greater number of culled cows. Body temperature can be normal, but it may
also be reduced, mainly due to decreased oxidative processes in the body. Bradycardia and
bradypnea may occur [88]. Most animals are lethargic, have a reduced or variable appetite,
and may exhibit abnormal behavior.

Rumen function is disturbed, leading to acidosis or obstruction. Animals may emit
a smell of acetone, especially in their breath and milk, which is also bitter in taste. In
severe cases, the entire herd may have an acetone odor [89]. These symptoms result
from an increase in ketone concentration in the blood, rumen contents, and urine. The
total concentration of ketones in the blood can rise by 5 to 10 times compared to the
physiological level, and, in urine, it can increase by 10 to 100 times [79]. If ketone bodies are
found in the urine on the 21st day of the disease, and preventive measures and treatment
procedures have been taken before that, such a cow should be culled [75]. In more severe
and advanced cases, signs of metabolic acidosis, dehydration, and central nervous system
disorders may accompany ketosis. Acidosis occurs due to the accumulation of acidic
by-products of metabolism and reduced alkaline reserves. Sodium ion loss leads to water
loss from the body [63]. Dehydration is manifested by hemoconcentration and relative
hyperproteinemia. Skin turgor is reduced, and the eyes are sunken. Central nervous
system symptoms arise from reduced oxidative processes in the nervous system (due
to carbohydrate deficiency) and the toxic effects of metabolic by-products, especially
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acetoacetic acid. In acute cases, specific symptoms of nervous system diseases occur, such
as excitement, paresis, paresthesia, and hyperesthesia. Animals chew empty air, grind
their teeth, bellow, have a wild look, and saliva drips from their mouths. A form of ketosis
similar to puerperal paresis occurs after calving, and the symptoms resemble puerperal
paresis, except that the pupillary reflex is preserved, and calcium therapy is ineffective [90].
In advanced cases, animals fall into a stupor, and, eventually, into a coma. Symptoms
originating from the liver are important for the prognosis and outcome of the disease.
In milder cases of ketosis, clinical and biochemical signs of liver disease are usually not
found [91]. In severe and advanced cases, and if the process is chronic, an increased,
moderately sensitive liver can be observed during percussion and palpation (in the area
behind the right last rib) [92]. Histologically, there is fatty degeneration (steatosis) of the
liver, and in advanced cases, cirrhosis may occur.

3.3. Diagnosis

In subclinical cases, ketotic conditions can only be detected through the systematic
testing of urine and milk for ketone bodies. Animals in a herd or flock are selected for
testing based on clinical examination and milking data. Unbalanced milking during the
full lactation period most commonly indicates a disturbance in metabolic balance [93].

The gold standard in the laboratory diagnosis of subclinical ketosis is the concentration
of BHB in the blood and the liver biopsy [94]. Subclinical ketosis is considered when the
concentration of BHB in the blood is higher than 0.85 mmol/L. Research has shown a
prevalence of ketosis in herds of around 15%, with a critical level set at 10% [95]. The
concentration of BHB in the blood increases after feeding, and sample collection should
follow at intervals of 4 to 5 h after the first meal. The sample should consist of 12 sampled
cows from a group of 50 cows. If one or two samples are positive, indicating elevated BHB
values, the herd’s condition is critical. A herd sample in which two or more cows in a group
of twelve are positive is declared positive for ketosis [60].

The concentration of acetoacetic acid can also be determined in the blood (possibly in
milk and urine) [96]. Subclinical ketosis is considered when the concentration of acetoacetic
acid is higher than 0.36 mmol/L, while clinically manifested ketosis occurs when the
concentration of acetoacetic acid exceeds 0.5 mmol/L [97]. Acetoacetic acid is not the best
laboratory parameter for diagnosing ketosis because it is unstable and rapidly breaks down
into acetone and carbon dioxide [98].

The concentration of ketone bodies in milk is approximately 50% lower than in blood,
and the concentration in urine is several times higher than that in blood [99]. An increase
in the concentration of ketone bodies in the blood accompanies a decrease in blood glucose
concentration. In cattle, the normal concentration of blood glucose ranges from 2.3 to
4.1 mmol/L, and if it is less than 2.3 mmol/L or lower, the animal is considered to be
suffering from ketosis [100]. Another valuable indicator is NEFA. The threshold value for
NEFA is more than 0.400 mEq/L in cows 2 to 14 days before calving and 4 to 5 h after the
first meal of the day [101]. It is crucial to store the samples properly, keeping them cool or
even frozen from the collection to the laboratory delivery.

Ketone bodies in urine can be detected using sodium nitroprusside, the legal test [102]. A
positive reaction is indicated by a color change in urine, ranging from pink (+) to pink/purple
(++) or dark purple (+++), depending on the ketone concentration. Today, numerous rapid
methods for detecting ketones in milk and urine (known as dipstick tests) exist, allowing for
the straightforward detection of acetone and acetoacetic acid in milk and urine [94].

3.4. Treatment and Prevention of Ketosis

Subclinical ketosis leads to a threefold higher culling rate of cows within the first
30 days of lactation compared to cows that are negative for ketosis. Additionally, small-
scale producers often overestimate the incidence of clinical ketosis on their farms [82].

It is possible to administer 25% glucose in a quantity of 20 L as a slow infusion over 24 h.
Oral administration of metabolic carbohydrate precursors is indicated, primarily propylene
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glycol (225 g, 2×/day for two days, then 100 g, 1×/day for two days) and glycerol (500 g,
2×/day for 10 days). Cows with subclinical ketosis treated with oral propylene glycol had
a 1.3 times higher chance of conception at the first subsequent insemination [103].

Positive metabolic effects are achieved through the use of low doses of long-acting
insulin (in combination with glucose infusions or glucocorticoid administration). Insulin
reduces the mobilization of fat from tissue reserves, promotes glucose entry into cells,
and stimulates glycolysis in the liver. Human ultra-long-acting insulin is most commonly
administered at a dose of 0.25 IU/kg body weight subcutaneously every 24 to 48 h. In the
treatment and prophylaxis of ketosis, additional therapy with vitamins and minerals is
used [104]. Thus, ketotic animals are administered vitamin B12, cobalt, niacin (6 g orally),
and nicotinamide. If there are symptoms of central nervous system involvement, the
administration of chloral hydrate is indicated. In addition to its sedative effect, chloral
hydrate has been shown to increase the concentration of propionic acid in the rumen.
The initial dose is 30 g orally, and treatment continues with a dose of 7 g, 2×/day for
several days. The best results in the treatment and prophylaxis of ketosis in high-yielding
dairy cows have been achieved with the use of the ionophore monensin. Monensin acts
on the rumen micro-population, increasing the availability of propionic acid and thus
suppressing fat mobilization and ketone body formation [105]. The use of monensin
significantly reduced the incidence and duration of subclinical ketosis by as much as 50%
by measuring BHB concentration in the blood [106]. The prognostic condition of this
disease is unfavorable during periods of depression, leanness, and if cows do not respond
to therapy and dietary changes.

Ketosis prevention is primarily based on balanced nutrition, achieving a positive
energy balance, and a proper lactation and dry period regimen. On average, feed rations
are increased from the fourth to the sixth week before calving, reaching their maximum
approximately two weeks before calving [75]. This does not mean, of course, that cows
should be fattened during this period. Good milking cows should be fed during the dry
period as if they were producing 5 L of milk daily, in addition to a modest diet. To prevent
carbohydrate deficiency and thus the onset of ketosis, after calving and the onset of the first
lactation, cows can be given a carbohydrate precursor such as propylene glycol with their
meal. The propionate from propylene glycol is used for gluconeogenesis and stimulates
insulin secretion [18].

4. Hypocalcemia

Afebrile postparturient hypocalcemia is a condition in adult, high-yielding cows, and
it most commonly occurs immediately after calving and at the beginning of lactation [107].
It manifests as sudden paralysis and loss of consciousness, and, if left untreated, can lead
to a fatal outcome [108].

4.1. Etiology and Pathophysiology

Hypocalcemia occurs due to the sudden production of large quantities of milk and
the acute depletion of ionized calcium reserves in the serum. Animals attempt to meet
increased calcium demands through enhanced absorption from the digestive system and
mobilization from bone stores [109]. Subclinical hypocalcemia, where the drop in calcium
levels is not as pronounced, affects 50% of lactating cows. If animals are adequately
supplemented with minerals, the disease risk decreases from 25 to 15%. Older cows, from
the third to the seventh lactation, are more likely to be affected, and the disease is relatively
rare in first-calvers [110].

For the development of the disease in dairy cows, nutrition in the last 4 weeks of
pregnancy is crucial. It has been proven that the disease is more common if cows receive
a calcium-rich diet before calving. Consequently, these cows are unable to immediately
utilize calcium from bones or actively absorb calcium from the digestive system during
calving. Instead, they need several days to activate these mechanisms, making them highly
susceptible to puerperal paresis during this period [111].
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The concentration of calcium in the blood is regulated by parathyroid hormone (PTH)
and 1,25-dihydroxyvitamin D3, produced in response to hypocalcemia to increase blood
calcium levels [112]. If calcium levels are only moderately reduced, PTH stimulates renal
calcium absorption from the glomerular filtrate, and calcium levels soon return to nor-
mal values. However, if calcium levels are too low, PTH continues to stimulate calcium
resorption from bones [113]. After calving, a cow produces up to 10 L of colostrum, and
since colostrum production begins immediately after calving and lasts 5 to 12 days, the
calcium requirements are high [114]. A cow loses 23 g of calcium per liter of milk, which is
approximately nine times more than the amount of calcium in the blood [115]. During the
dry period, these mechanisms are inactive, and all cows in the first few days after calving
are susceptible to hypocalcemia. They are unable to immediately utilize calcium from
bones or actively transfer calcium from the digestive system within the first 24 to 48 h, after
which resorption significantly increases. For this system to function optimally, the crucial
prerequisite is an optimal blood pH of 7.4. If blood pH becomes higher than 7.5, metabolic
alkalosis occurs, predisposing cows to hypocalcemia [116]. The cause of metabolic alkalosis
is large amounts of sodium and potassium in the cows’ dry period diet [117]. Potassium is a
more significant issue because all forages contain large amounts of potassium. When blood
pH becomes alkaline, the structure of PTH receptors changes, and PTH does not act as
efficiently as it should. Most nutritionists aim to maintain a dietary cation/anion difference
(DCAD) [(Na+ + K+) − (Cl− + S−)] of around −50 mEq/kg preventively [118,119].

4.2. Clinical Presentation

Clinical signs manifest in three stages. In the first stage, there is nerve and muscle
hypersensitivity, excitement, muscle tremors, anorexia, and ataxia. The animal refuses
to move or eat, but its temperature remains normal. This condition can last for hours.
Animal owners often overlook the first stage, leading to a worsening condition in affected
cows [116]. Subclinical hypocalcemia results in higher costs because it affects a much larger
percentage of animals in the herd [115]. For example, if a herd of 2000 cows has a 2% annual
incidence of milk fever (Figure 2), and each case costs 334 US dollars [120], the annual loss
amounts to approximately 12,000 dollars. Recent studies show that hypocalcemia during
the calving period is associated with a loss in milk yield and an increased risk of abomasal
displacement [121].
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The second stage is the prodromal stage, characterized by extreme exhaustion and a
loss of strength. The animal cannot stand and lies in a sternal position. Tetany, present in
the first phase, is replaced by prolonged lying down and paresis. Depression, anorexia,
dry nose, subnormal body temperature (36.5 to 38 ◦C), and cold extremities become notice-
able. Arterial pulse is weak, heartbeats are barely audible, and the frequency is moderate
(80/min). The paralysis of smooth muscles leads to gastrointestinal hypotonia and abo-
masal atony, which can manifest as bloat [115,123–125]. Simultaneously, the ability to
urinate is lost. Due to uterine inertia, a retained placenta occurs. A noticeable decline in
milk yield of 14% occurs, and cows are more prone to various diseases: ketosis, retained
placenta, and abomasal displacement [126].

In the third stage, hypocalcemia progresses; the animal loses consciousness and falls
into a coma. Cows lie in a lateral position, and bedsores may develop. Advanced-stage
heart depression is evident, with an irregular and almost imperceptible pulse. Breathing is
shallow and reduced. Cows in this stage of complete collapse do not survive longer than a
few hours [127].

4.3. Diagnosis

Before treatment, it is essential to take a blood sample to confirm the diagnosis by
finding a decreased calcium level in the serum. Cows with serum calcium values less than
8.0 mg/dL are considered hypocalcemic. The blood sample is best taken 12 to 24 h after
calving, with a minimum of 12 samples [128]. If three to five samples are positive, meaning
they have a serum calcium value less than 8.0 mg/dL, it is considered a critical level. A
sample in which six or more cows in a group of twelve are positive is declared positive,
meaning that the herd is hypocalcemic [129].

For DCAD verification, urine pH has proven to be a good diagnostic method since
blood pH should be around 7.0. The minimum number of urine samples for diagnostic
purposes is eight cows, and testing would be advisable every week, if not more frequently.
The procedure is straightforward as a regular pH indicator paper is sufficient [130].

4.4. Treatment and Prevention of Hypocalcemia

Treatment is carried out by the intravenous administration of calcium borogluconate
at a dose of 1 g of calcium per 45 kg of the animal’s body weight. In the treatment of
large cows with high milk production, an additional bottle of the drug can be adminis-
tered subcutaneously [131]. As calcium is cardiotoxic, the drug should be administered
extremely slowly (over 10 to 20 min), carefully monitoring the heart’s activity through
auscultation [132]. If bradycardia or arrhythmia is observed, treatment should be stopped,
and it can be resumed very slowly only when the heart’s activity normalizes.

Intravenous calcium administration is not recommended for treating hypocalcemic
cows that are still standing. Treatment with intravenous calcium administration rapidly in-
creases the calcium level in the blood, which can be potentially dangerous [132]. Extremely
high levels of calcium in the blood can cause fatal cardiac complications and hinder calcium
mobilization in cows at critical moments [126]. Since the subcutaneously administered
drug is more challenging to be absorbed due to weakened peripheral absorption, it should
not be used as the sole choice. Subcutaneously administered calcium allows the return of
serum calcium within physiological limits within 6 h of administration [131]. Oral calcium
supplementation is the best choice for hypocalcemic cows that are still standing [133].

Cows that respond to intravenous calcium treatment, once they are conscious and able
to swallow, should also be given oral calcium supplementation 12 h after treatment [134].

Prevention is based on feeding cows with low calcium content, especially high-
producing cows during the dry period, to stimulate intestinal and bone resorption. Re-
ducing potassium content in the diet during the dry period leads to a decrease in blood
pH, thereby promoting calcium resorption [135]. As a preventive measure, 8 million IU
of vitamin D and oral calcium supplements (150 g) can be administered eight days before
calving, on the day of calving, and on the day after calving. Magnesium also plays a
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crucial role in calcium homeostasis during the calving period. An intake of 40 to 50 g of
magnesium (approximately 0.30–0.45% dry matter in the diet) is also recommended [136].

5. Conclusions

This comprehensive review underscores the critical importance of understanding and
addressing metabolic diseases, particularly subacute ruminal acidosis (SARA), ketosis, and
hypocalcemia, in dairy cattle. By exploring the intricate details of etiology, pathophysiology,
clinical presentations, diagnosis, and strategic management, this paper provides a holistic
perspective for veterinary practitioners, researchers, and dairy farmers.

The multifaceted nature of these metabolic disorders necessitates a nuanced approach
to both diagnosis and treatment. Early detection emerges as a pivotal factor, enabling
timely interventions that can significantly impact the course of these diseases. Effective
diagnostic tools and protocols are crucial for accurate identification, allowing for tailored
treatment strategies.

Moreover, the emphasis on preventative measures cannot be overstated. Nutritional
management, balanced diets, and proactive supplementation play pivotal roles in avert-
ing the onset of these metabolic diseases. This review serves as a valuable repository of
knowledge, equipping stakeholders in the dairy industry with insights to enhance an-
imal welfare, optimize productivity, and reduce economic losses associated with these
prevalent disorders. As research advances, ongoing efforts in refining preventive and
therapeutic approaches remain essential for ensuring the health and well-being of dairy
cattle worldwide.
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47. Stefańska, B.; Komisarek, J.; Nowak, W. Non-Invasive Indicators Associated with Subacute Ruminal Acidosis in Dairy Cows.
Ann. Anim. Sci. 2020, 20, 1325–1338. [CrossRef]

48. Khorrami, B.; Khiaosa-ard, R.; Zebeli, Q. Models to Predict the Risk of Subacute Ruminal Acidosis in Dairy Cows Based on
Dietary and Cow Factors: A Meta-Analysis. J. Dairy Sci. 2021, 104, 7761–7780. [CrossRef] [PubMed]

49. Garrett, E.F.; Pereira, M.N.; Nordlund, K.V.; Armentano, L.E.; Goodger, W.J.; Oetzel, G.R. Diagnostic Methods for the Detection of
Subacute Ruminal Acidosis in Dairy Cows. J. Dairy Sci. 1999, 82, 1170–1178. [CrossRef] [PubMed]

50. Enemark, J.M.D. The Monitoring, Prevention and Treatment of Sub-Acute Ruminal Acidosis (SARA): A Review. Vet. J. 2008, 176,
32–43. [CrossRef] [PubMed]

51. Li, W.; Gelsinger, S.; Edwards, A.; Riehle, C.; Koch, D. Transcriptome Analysis of Rumen Epithelium and Meta-Transcriptome
Analysis of Rumen Epimural Microbial Community in Young Calves with Feed Induced Acidosis. Sci. Rep. 2019, 9, 4744.
[CrossRef]

52. Krause, K.M.; Oetzel, G.R. Understanding and Preventing Subacute Ruminal Acidosis in Dairy Herds: A Review. Anim. Feed Sci.
Technol. 2006, 126, 215–236. [CrossRef]

53. Esposito, G.; Irons, P.C.; Webb, E.C.; Chapwanya, A. Interactions between Negative Energy Balance, Metabolic Diseases, Uterine
Health and Immune Response in Transition Dairy Cows. Anim. Reprod. Sci. 2014, 144, 60–71. [CrossRef] [PubMed]

54. Drong, C.; Meyer, U.; von Soosten, D.; Frahm, J.; Rehage, J.; Breves, G.; Dänicke, S. Effect of Monensin and Essential Oils on
Performance and Energy Metabolism of Transition Dairy Cows. J. Anim. Physiol. Anim. Nutr. 2016, 100, 537–551. [CrossRef]
[PubMed]

55. Klein, R.; Nagy, O.; Tóthová, C.; Chovanová, F. Clinical and Diagnostic Significance of Lactate Dehydrogenase and Its Isoenzymes
in Animals. Vet. Med. Int. 2020, 2020, e5346483. [CrossRef]

56. Delaby, L.; Faverdin, P.; Michel, G.; Disenhaus, C.; Peyraud, J.L. Effect of Different Feeding Strategies on Lactation Performance of
Holstein and Normande Dairy Cows. Animal 2009, 3, 891–905. [CrossRef]

57. Mann, S.; Yepes, F.A.L.; Overton, T.R.; Wakshlag, J.J.; Lock, A.L.; Ryan, C.M.; Nydam, D.V. Dry Period Plane of Energy: Effects
on Feed Intake, Energy Balance, Milk Production, and Composition in Transition Dairy Cows. J. Dairy Sci. 2015, 98, 3366–3382.
[CrossRef]

58. Stone, W.C. Nutritional Approaches to Minimize Subacute Ruminal Acidosis and Laminitis in Dairy Cattle. J. Dairy Sci. 2004, 87,
E13–E26. [CrossRef]

59. Zebeli, Q.; Dijkstra, J.; Tafaj, M.; Steingass, H.; Ametaj, B.N.; Drochner, W. Modeling the Adequacy of Dietary Fiber in Dairy Cows
Based on the Responses of Ruminal pH and Milk Fat Production to Composition of the Diet. J. Dairy Sci. 2008, 91, 2046–2066.
[CrossRef]

60. Lei, M.A.C.; Simões, J. Invited Review: Ketosis Diagnosis and Monitoring in High-Producing Dairy Cows. Dairy 2021, 2, 303–325.
[CrossRef]

https://doi.org/10.12681/jhvms.14867
https://doi.org/10.12681/jhvms.20861
https://doi.org/10.12681/jhvms.31438
https://doi.org/10.12681/jhvms.31237
https://doi.org/10.1016/j.livsci.2013.06.012
https://doi.org/10.5539/jas.v9n3p90
https://doi.org/10.1155/2014/702572
https://www.ncbi.nlm.nih.gov/pubmed/25489604
https://doi.org/10.1017/S1751731119001538
https://doi.org/10.1590/1809-6891v23e-73109e
https://doi.org/10.3168/jds.2018-15292
https://doi.org/10.17236/sat00218
https://www.ncbi.nlm.nih.gov/pubmed/31488393
https://doi.org/10.2478/aoas-2020-0037
https://doi.org/10.3168/jds.2020-19890
https://www.ncbi.nlm.nih.gov/pubmed/33838889
https://doi.org/10.3168/jds.S0022-0302(99)75340-3
https://www.ncbi.nlm.nih.gov/pubmed/10386303
https://doi.org/10.1016/j.tvjl.2007.12.021
https://www.ncbi.nlm.nih.gov/pubmed/18343172
https://doi.org/10.1038/s41598-019-40375-2
https://doi.org/10.1016/j.anifeedsci.2005.08.004
https://doi.org/10.1016/j.anireprosci.2013.11.007
https://www.ncbi.nlm.nih.gov/pubmed/24378117
https://doi.org/10.1111/jpn.12401
https://www.ncbi.nlm.nih.gov/pubmed/26613964
https://doi.org/10.1155/2020/5346483
https://doi.org/10.1017/S1751731109004212
https://doi.org/10.3168/jds.2014-9024
https://doi.org/10.3168/jds.S0022-0302(04)70057-0
https://doi.org/10.3168/jds.2007-0572
https://doi.org/10.3390/dairy2020025


Animals 2024, 14, 816 16 of 18

61. Mann, S.; McArt, J.; Abuelo, A. Production-Related Metabolic Disorders of Cattle: Ketosis, Milk Fever and Grass Staggers. Practice
2019, 41, 205–219. [CrossRef]

62. Fox, F.H. Clinical Diagnosis and Treatment of Ketosis. J. Dairy Sci. 1971, 54, 974–978. [CrossRef]
63. Wu, G. Management of Metabolic Disorders (Including Metabolic Diseases) in Ruminant and Nonruminant Animals. In Animal

Agriculture; Bazer, F.W., Lamb, G.C., Wu, G., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 471–491. ISBN 978-0-12-817052-6.
64. García, A.M.B.; Cardoso, F.C.; Campos, R.; Thedy, D.X.; González, F.H.D. Metabolic Evaluation of Dairy Cows Submitted to Three

Different Strategies to Decrease the Effects of Negative Energy Balance in Early Postpartum. Pesq. Vet. Bras. 2011, 31, 11–17.
[CrossRef]

65. Roche, J.R.; Bell, A.W.; Overton, T.R.; Loor, J.J. Nutritional Management of the Transition Cow in the 21st Century—A Paradigm
Shift in Thinking. Anim. Prod. Sci. 2013, 53, 1000–1023. [CrossRef]

66. Mekuriaw, Y. Negative Energy Balance and Its Implication on Productive and Reproductive Performance of Early Lactating Dairy
Cows: Review Paper. J. Appl. Anim. Res. 2023, 51, 220–229. [CrossRef]

67. Cotter, D.G.; Ercal, B.; Huang, X.; Leid, J.M.; d’Avignon, D.A.; Graham, M.J.; Dietzen, D.J.; Brunt, E.M.; Patti, G.J.; Crawford, P.A.
Ketogenesis Prevents Diet-Induced Fatty Liver Injury and Hyperglycemia. J. Clin. Investig. 2014, 124, 5175–5190. [CrossRef]

68. Bradford, B.J.; Swartz, T.H. Review: Following the Smoke Signals: Inflammatory Signaling in Metabolic Homeostasis and
Homeorhesis in Dairy Cattle. Animal 2020, 14, s144–s154. [CrossRef] [PubMed]

69. Fukao, T.; Mitchell, G.; Sass, J.O.; Hori, T.; Orii, K.; Aoyama, Y. Ketone Body Metabolism and Its Defects. J. Inherit. Metab. Dis.
2014, 37, 541–551. [CrossRef] [PubMed]

70. Luo, Z.; Yu, S.; Zeng, W.; Zhou, J. Comparative Analysis of the Chemical and Biochemical Synthesis of Keto Acids. Biotechnol.
Adv. 2021, 47, 107706. [CrossRef]
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