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Abstract

Background

Pregnancy toxaemia is a metabolic disorder of late gestation in ewes characterised by negative energy
status, hypoglycaemia and hyperketonaemia. Treatment includes glucose containing oral rehydration
solutions, but the effects on rumen pH and risk of sub-acute ruminal acidosis and acidosis remain
unclear. This study evaluated the effects of an oral rehydration solution on rumen pH and metabolic

variables in feed-restricted ewes.
Methods

Twelve non-pregnant Merino ewes were randomly allocated to Treatment (oral rehydration solution)
or Control (water) groups (n = 6) following 24 h feed restriction. Rumen pH, blood glucose, insulin
and electrolytes concentrations and blood gases were measured prior to, and post-treatment. Data was

analysed using mixed-effects models and Welch two-sample t-tests.
Results

Rumen pH decreased over time in both groups, with a greater reduction in the Treatment groups;
however, values remained within the physiological range, and no acidosis occurred. Oral rehydration
solution administration increased blood glucose and insulin concentrations (A glucose p = 0.002; A
insulin p = 0.040). Blood sodium and chloride concentrations increased (p < 0.001), while other

variables did not (p > 0.05).
Limitations

Limitations included the small sample size (n = 12), and use of healthy, non-pregnant ewes, which did
not replicate changes in late gestation, nor the metabolic alterations associated with clinical pregnancy

toxaemia.
Conclusion

The oral rehydration solution increased blood glucose, insulin and electrolyte concentrations without
inducing ruminal acidosis despite reducing rumen pH. These findings supported the use of oral
rehydration solutions as a therapy for hypoglycaemia, although, further research in pregnant and

clinically affected ewes is required.
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Chapter 1: Literature Review

1.1 Introduction

Metabolic disorders in periparturient ewes are a significant cause of mortality in sheep production
systems (Kirk et al., 2025). One of these metabolic diseases is pregnancy toxaemia (PT), which is also
referred to as twin lamb disease, gestational toxaemia, ketoacidaemia, or ovine ketosis. It is a
relatively common disorder of late pregnant ewes, typically in the last 5-6 weeks of gestation (Van
Saun, 2000), especially in those ewes with more than one fetus. Pregnancy toxaemia is associated
with severe metabolic and pathological disturbances, and a poor prognosis for survival of both the
dam and the fetuses, resulting in welfare compromise and production and economic losses (Souto et
al., 2019; Scott et al., 1995b). Sandoval et al. (2026) described seven outbreaks of pregnancy
toxaemia in sheep and goats in Argentina, reporting morbidity rates ranging from 3-24% and
mortality rates of up to 100% among affected animals. Most sheep in Australasia are extensively
grazed resulting in limited information on the incidence of PT. Field studies of peri-parturient ewes in
Australia reported an overall mortality risk of at least 2—-2.5% during late pregnancy and lambing,
with metabolic diseases, including pregnancy toxaemia, contributing substantially to these losses

under commercial conditions (Kirk et al., 2025).

Pregnancy toxaemia is a poorly understood metabolic disorder of aberrant glucose homeostasis, with
a poor prognosis regardless of treatment in clinical cases (Henze et al., 1998). Monitoring of animals
in extensive flocks is often infrequent, typically resulting in a hopeless prognosis once the condition is
detected clinically. Clinical signs include, but are not limited to, separation from the flock, anorexia
and dull mentation, central blindness, bruxism, ptyalism, head pressing, star gazing, facial tremors,
hyperaesthesia, and incoordination leading to recumbency (Khames Mustafa et al., 2023; Simdes et
al., 2020). Treatment regimens include the enteral administration of 160 mL of a proprietary oral
rehydration solution (ORS) such as Vytrate™ liquid concentrate, Jurox (Vytrate), aimed at improving
blood glucose concentrations (Buswell et al., 1986). The use of oral glucose in feed-restricted
ruminants is controversial due to concerns about rumen microbiome disruption and induction of
rumen acidosis. The focus of this was the pathophysiology of PT and treatment regimens associated

with the condition.

1.2 Pathophysiology of pregnancy toxaemia

1.2.1 Negative energy status and glucose dysregulation

Pregnancy toxaemia occurs when the escalating feto-placental energy and glucose demands of late
gestation, and lactogenesis/colostrogenesis, result in disturbances of maternal glucose and lipid

metabolism. The energy imbalance typically occurs in multitocous pregnancies and is exacerbated by
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the relative decrease in the size of the gastrointestinal tract and rumen due to the increased size of the
gravid uterus. Fetal growth in sheep is non-linear, with approximately 90% of fetal mass accumulated
during the last third of gestation (Makela et al., 2022). Rapid fetal growth and increased feto-
placental glucose utilisation near term substantially increase maternal energy requirements (Leury et
al., 1990; Wallace et al., 2002). Concurrently, progressive uterine enlargement restricts rumen
capacity and voluntary feed intake, limiting metabolisable energy (ME) availability resulting in a
negative energy status and hypoglycaemia. Homeostatic mechanisms become aberrant, resulting in

homeorhesis.

Pregnancy toxaemia is often described in the literature as occurring in four forms: primary, resulting
from decreased energy intake; obesity-related PT, affecting over-conditioned ewes with a body
condition score (BCS) > 3.5/5; starvation PT occurring in under-conditioned ewes with prolonged
inadequate nutrition; and secondary PT arising due to concurrent disease processes (Andrews, 1997;
Crilly et al., 2021). These classifications are based on nutritional status and underlying risk factors.
However, this framework is largely descriptive and is not formally defined in primary research

studies.

Insufficient ME intake during late gestation limits the ability of ewes to meet feto-placental energy
requirements. Ewes, particularly those that are over conditioned, mobilise adipose tissue through
lipolysis, whereby triglycerides are hydrolysed into glycerol and non-esterified fatty acid (NEFA).
The NEFA are transported to the liver, where they undergo B-oxidation to form acetyl-CoA, which
can then be converted into ketone bodies, beta-hydroxybutyrate (bHB), acetoacetate and acetone
which serve as alternative maternal energy substrates (Figure 1.1) (Souto et al., 2019). The
mobilisation of adipose reserves and production of ketone bodies occurs faster than they can be
metabolised resulting in hyperketonaemia (Vasava et al., 2016). Excessive NEFA mobilisation
overwhelms hepatic capacity, and triglycerides accumulate in the liver because ruminants have a
limited ability to export them as very low-density lipoproteins (VLDL), leading to hepatic lipidosis
which is a common postmortem finding of PT (Gross et al., 2013). Recent experimental evidence
indicated that in ewes with PT, negative energy status disrupts hepatic lipid metabolism by altering
the expression of genes involved in fatty acid oxidation, acetyl-CoA metabolism, and triglyceride
synthesis, leading to fat accumulation, hepatocyte structural damage, and exacerbation of the disease.
This results in an enlarged liver with rounded edges, and a deep yellow colour, at post-mortem

examination (Xue et al., 2019).
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Figure 1.1 Disrupted glucose homeostasis and ketogenesis in ovine pregnancy toxaemia (created with

BioRender.com)

Circulating ketone bodies are acidic and contribute to the metabolic derangements observed in PT,
notably metabolic acidosis (Gomez et al., 2015). This creates a negative spiral, as metabolic
disturbances lead to central nervous system (CNS) aberrations and overt clinical signs of PT
(Schlumbohm & Harmeyer, 2004), which in turn exacerbate inappetence and further worsen the ewe’s

energy and metabolic status.

1.2.2 Risk factors

Late gestation, particularly in twin-bearing, ewes have impaired energy and glucose metabolism.
There is a direct antilipolytic action of D-bHB on adipose tissue, thereby promoting high
concentrations of circulating ketone bodies (hyperketonaemia) and increasing susceptibility to PT
(Harmeyer & Schlumbohm, 2006). In mammals, D-bHB is the biologically active form of bHB
which is produced via ketogenesis and can be oxidised by extrahepatic tissues as an energy substrate,
whereas L-bHB is a racemic by-product which is unable to be metabolised for energy utilisation (Van

Rijt et al., 2021).
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Normal blood D-bHB concentration in ewes is < 0.8 mmol/L (Oztiirk, 2023). Ewes that have poor
energy status (severely underfed or have low-quality diets) are at a high risk of developing PT.
Concurrent diseases such as Ovine Johne’s Disease, or Fasciola hepatica further exacerbate this risk
by reducing nutrient absorption and increasing metabolic demand through chronic inflammation,
thereby lowering the ewe’s ability to meet maternal and feto-placental energy requirements
(McGregor et al., 2015). Affected ewes may display clinical signs of PT when bHB concentrations
exceed 3 mmol/L (Simdes et al., 2020). Ewes with an ideal BCS of 2.5-3.5 had a 19.7% lower risk of
elevated bHB concentrations compared with ewes with BCS of <2.0 or >4.0. In addition, ewes
possessing gastrointestinal helminth eggs in their facces (detected by faecal flotation) exhibited 12.3%
higher bHB concentrations (Ratanapob et al., 2018). The presence of gastrointestinal helminth eggs,
although not directly pathological, serves as a proxy for established parasitic burden and associated
metabolic and inflammatory stress. This stress exacerbates the negative energy status and increases
susceptibility to ketonaemia, and PT. Elevated faecal egg counts were correlated with raised bHB
concentrations and negatively associated with maternal blood glucose concentrations and lamb

birthweight in affected ewes (Barbagianni et al., 2015a).

1.2.3 Clinical manifestations of pregnancy toxaemia

Clinical signs of PT typically appear once the metabolic derangements are advanced. Neurological
abnormalities arise from cerebral hypoglycaemia, reflected by low cerebrospinal fluid glucose. This
impairs brain function resulting in observed incoordination, obtundation and other CNS

manifestations (Scott et al., 1995a).

Yarim et al. (2007) demonstrated that ewes with PT exhibit progressively higher plasma
concentrations of proinflammatory cytokines interleukin-1 beta (IL-1p), tumour necrosis factor alpha
(TNF-a), monocyte chemoattractant protein-1 (MCP-1) in conjunction with worsening clinical and
biochemical indicators, suggesting that these cytokines contribute to the pathogenesis of the disorder,
and may serve as prognostic biomarkers. The marked elevation of these cytokines may reflect an
energetically costly inflammatory response in which immune-driven hypermetabolism, glucose
diversion, hypophagia and associated mineral disturbances further exacerbate the negative energy
status. This creates a self-perpetuating cycle in which energy deficit, hyperketonaemia, and CNS
derangements impair appetite and function, driving progressively worsening metabolic and clinical

presentation.

Another biomarker recently proposed for subclinical and clinical PT is fructosamine (Igbal et al.,
2022). Prolonged negative energy status and hypoglycaemia will result in decreased blood
concentrations of fructosamine due to decreased non-enzymatic glycation of serum proteins over time

(Hasanabadi et al., 2019). Igbal et al. (2022) identified fructosamine as the most robust diagnostic
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biomarker for clinical and subclinical PT, outperforming NEFA. Blood creatinine, potassium, and
lactate dehydrogenase were also shown to have strong prognostic value for the disease outcome (Igbal
et al., 2022). Non-esterified fatty acids are a biomarker of PT as elevated blood concentrations reflect
excessive mobilisation of adipose tissue in response to the negative energy status (Mohammadi et al.,
2016). Creatinine concentration is increased due to reduced renal perfusion and increased muscle
catabolism associated with severe metabolic stress, while blood potassium concentration decreases
with reduced feed intake and acid-base disturbances. Lactate dehydrogenase is increased due to tissue
damage and cellular hypoxia to the liver, heart and skeletal muscle associated with disease severity

(Igbal et al., 2022).

Clinically, PT can resemble hypocalcaemia or hypermagnesemia, and affected ewes are often afflicted
by multiple concurrent metabolic disturbances. Measuring serum calcium, magnesium and bHB
concentrations, as well as response to appropriate treatment can aid in the diagnosis of an obtunded,
recumbent periparturient ewe, however, the syndrome is often linked to various metabolic aberrations
(Abbott, 2024). This underscores the need to define PT as a metabolic syndrome characterised by
hyperketonaemia and negative energy status, rather than a diagnosis due to a single biochemical
aberration. Doing so allows PT to be distinguished from concurrent conditions such as hypocalcaemia
or sepsis, a systemic inflammatory response caused by severe infection (Obonyo et al., 2024;

Passmore et al., 2018).

Hypocalcaemia may occur in ewes with PT, with approximately 20% of affected animals reported to
have concurrent hypocalcaemia (Aitken, 2008), although its clinical significance remains unclear. In
late gestation, increased fetal calcium demand driven by skeletal mineralisation coincides with
reduced feed intake and mobilisation of body reserves, which often occurs concurrently with negative
energy status and ketone body accumulation (Abdelrahman, 2008). Hypocalcaemia alone does not
induce PT, but experimental evidence demonstrated that when combined with hyperketonaemia it
markedly suppresses endogenous glucose production, thereby exacerbating hypoglycaemia and
promoting disease progression (Schlumbohm & Harmeyer, 2003). Understanding these biomarkers
and clinical signs is crucial for early disease detection and facilitates both preventative strategies and

therapeutic interventions for PT.

1.2.4 Alternative methods for detecting pregnancy toxaemia

A range of clinical, biochemical, and post-mortem methods are available to aid in the detection of PT
in ewes, particularly where conventional laboratory testing is impractical. Alternative methods
complement blood biochemistry and are especially valuable in field settings with limited easily

available diagnostic infrastructure. A preliminary diagnosis is often based on clinical presentation,
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with affected ewes typically in late gestation showing reduced appetite or anorexia, poor mobility or

recumbency, and dull mentation, particularly in multitocous animals.

Blood bHB concentrations remain the most widely used diagnostic measure and can be readily
assessed in the field using handheld ketometers, where values >1.1 mmol/L are considered abnormal
(Panousis et al., 2012; Pichler et al., 2014). Ketone bodies can also be detected in urine (ketonuria).
Tests for ketonuria mainly detect acetoacetate, which is excreted more slowly and variably, making it
less reliable for early or accurate diagnosis (Glengarry et al., 2025). When ketone bodies are elevated,
and plasma bHB is elevated above 0.7 mmol/L, acetoacetate can be detected in the urine using
nitroprusside-based dip stick (Lynch & Jackson, 1983). While urine dipsticks provide an alternative
diagnostic tool, bHB predominates in blood and therefore provides a more accurate and reliable

indicator of current metabolic status and disease severity.

Post-mortem examination findings provide evidence of PT in fatal cases, with characteristic lesions
including hepatic lipidosis, reduced adipose reserves, pale, enlarged and friable liver, the presence of
multiple fetuses and in some cases enlarged adrenal cortex due to increased production of cortisol
(Hill et al., 1984). More recent studies have demonstrated that pregnancy toxaemia is associated with
multi-organ pathology, including hepatic lipidosis with hepatocellular vacuolation, renal tubular
degeneration, and systemic congestion affecting organs such as the lungs, spleen, and brain, reflecting
the widespread metabolic and oxidative disturbances characteristic of the disease (Adam et al., 2024;
Tharwat et al., 2024). Measurement of bHB concentrations in aqueous humour is a reliable post-
mortem diagnostic method, with concentrations >2 mmol/L considered diagnostic and >0.8 mmol/L
supportive of PT (Scott et al., 1995b). Despite the utility of blood and urine ketone testing for early
detection, their routine use remains limited due to impracticalities in extensive grazing systems such

as those common in Australia, increasing reliance on clinical assessment and post-mortem evaluation.

1.2.5 Sequelae to pregnancy toxaemia

Pregnancy toxaemia has significant consequences for both ewes and fetuses, affecting metabolic
function, reproductive performance, and neonatal survival (Barbagianni et al., 2015b; Turgut et al.,
2025). In healthy ruminants, glucose homeostasis is predominantly maintained through the utilisation
of rumen-derived propionic acid as a substrate for hepatic gluconeogenesis (Lemosquet et al., 2009).
In fasted or feed-restricted states, such as in late gestation, aberrant availability of gluconeogenic
precursors leads to an energy deficit that hepatic gluconeogenesis cannot overcome. The inability to
maintain maternal blood glucose concentrations results in hypoglycaemia, compromising both
maternal and fetal viability. This reflects the combined effects of decreased ruminal propionic acid
production secondary to reduced feed intake, and escalating fetal glucose demands, mechanisms that

are examined in detail in the aetiopathogenesis section of this review.
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Hyperketonaemic ewes have an increased risk of dystocia, retained fetal membranes, metritis,
mastitis, and reduced subsequent milk yield. Subclinical hyperketonaemia is associated with impaired
immune function, hepatic triglyceride accumulation and fibrosis, altered acute-phase protein profiles,
and diminished mammary lymphoid tissue (Barbagianni et al., 2015b; Barbagianni et al., 2015¢).
Dysregulation of angiogenic and hypoxia-related genes in ewes affects placental vascular
development and transplacental nutrient exchange; however, surviving ewes typically show no long-
term reproductive deficits (Kasimanickam, 2016). This sequence of metabolic disruptions results in
the clinical presentation of PT and illustrates the need for early identification and intervention to

restore energy balance to prevent mortality of both the ewe and fetuses.

Fetal consequences include reduced fetoplacental unit oxygen perfusion and glucose supply from the
ewe, fetal hypoxia and acidosis, lower birthweights, and increased perinatal mortality (Gomez et al.,
2015). Clinical or subclinical ketonaemia can delay lactogenesis, reduce colostrum quantity and
quality, increase lamb hypothermia risk due to greater brown fat utilisation, collectively
compromising neonatal colostrum intake and survival (Kelly et al., 2025). These fetal and neonatal
consequences illustrate the critical impact of maternal metabolic imbalance on lamb survival,
highlighting the need for early detection and intervention to improve both ewe and offspring

outcomes.

1.3 Rumen function and glucose metabolism in pregnancy

The reticulo-rumen are part of the forestomachs containing a diverse microbiome that metabolise
dietary substrates via fermentation into volatile fatty acids (VFA), primarily acetic acid, propionic
acid, and butyric acids (Xie et al., 2025). Propionic acid, produced from dietary non-structural
carbohydrates, serve as an energy source via hepatic gluconeogenesis compared to monogastric

species which utilise dietary glucose directly via intestinal absorption (Millen et al., 2016).

Normal rumen pH ranges from 6.4 to 6.8 (Jasmin et al., 2011). Typically, ruminal acidosis occurs due
to the intake of rapidly fermentable carbohydrates such as glucose or starch, and a low fibre diet
(Jasmin et al., 2011; Tufani et al., 2013). Sub-acute ruminal acidosis (SARA) is a digestive disorder in
ruminants characterised by prolonged periods of moderately low rumen pH. Various definitions have
been proposed including pH values ranging from 5.0-5.5 for SARA whereas ruminal acidosis is
typically defined as a mean pH < 5 which is associated with elevated lactic acid concentrations

(Dagnaw Fenta et al., 2023; Lettat et al., 2010; Oetzel, 2000).

Ruminants with grain-induced acidosis and SARA exhibit reduced feed intake, decreased rumen
motility, increased rumination time, and marked rumen microbial dysbiosis as well as systemic effects

of acidaemia and likely bacteraemia due to reduced rumen wall integrity. This dysbiosis exacerbates
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inappetence and hypoglycaemia, as well as the systemic effects of acidaemia and likely bacteraemia
due to reduced rumen wall integrity increasing the probability of ewe mortality (Minami et al., 2020).
Lactic acidosis causes rapid reductions in feed intake, rumen motility, and overall activity,
accompanied by altered biochemical parameters and rumen pH (Zein-Eldin et al., 2014). Interventions
such as ruminal fluid transfaunation can restore microbial diversity, VFA production, and reduce
lactate accumulation. This highlights the role of dysbiosis in exacerbating negative energy status (Liu
etal., 2019). In ewes with PT, comparable reductions in rumen microbial richness, including key
fermentative bacteria such as Prevotella, Butyrivibrio, Ruminococcus, Lachnospiraceae, and
Oribacterium, have been associated with decreased VFA production and glucose availability, further
exacerbating hypoglycaemia, elevated bHB concentrations, oxidative stress, and the risk of mortality
(Chen et al., 2024). Collectively, these processes highlight that disturbances in rumen pH and
microbial function can exacerbate negative energy status and metabolic instability in ewes with PT,
underscoring the need for targeted research evaluating how ORS influence rumen pH and microbiota

to ensure their therapeutic use does not inadvertently worsen ruminal dysfunction.

1.3.1 The role of the rumen in nutrition

Rumen microbial fermentation rapidly converts most dietary glucose to VFA, however, there has been
some evidence that sheep are capable of directly absorbing glucose across the ruminal epithelium into
the bloodstream via the sodium-glucose co-transporter 1 (SGLT-1) in (ovine) rumen epithelium.
Isolated ruminal tissues actively transported glucose analogues in a sodium-dependent manner,
indicating epithelial uptake rather than microbial alteration (Aschenbach et al., 2000a). Results from
in vivo reticulorumen experiments indicated that a measurable proportion of glucose could be
absorbed from ruminal contents in a Na* dependent process, indicating active transport from the
forestomach (Aschenbach et al., 2000b). Additional research showed ruminal SGLT-1 activity could
be modulated by physiological signals such as B:-adrenoceptor stimulation thus ameliorating
consequences of lactic acidosis (Aschenbach et al., 2002). Direct ruminal glucose absorption is
generally a minor contributor to systemic glucose supply and overall energy metabolism, compared
with VFA uptake and post-ruminal intestinal absorption (Liu et al., 2020). These findings suggested
that glucose could cross the rumen wall and enter the hepatic portal circulation in sheep, challenging
the traditional assumption that ruminal glucose absorption is negligible. The importance subscribed to

direct rumen glucose absorption is minimal.

1.3.2 Endocrine adaptations in late gestation

During late gestation, normal endocrine adaptations in ewes include interactions with pregnancy-
associated hormones and reduced maternal insulin concentrations, which decrease pancreatic

responsiveness to insulinotrophic signals and decrease lipid synthesis (Lomax et al., 1979; Regnault et
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al., 2004). This promotes a shift towards lipolysis, leading to increased production of NEFA, which
cannot be utilised by the gravid uterus (Pethick et al., 1983). Consequently, maternal energy
metabolism becomes increasingly reliant on gluconeogenesis to meet the rising energy demands of the
feto-placental unit. These metabolic adaptations are accompanied by altered pancreatic insulin
secretion and increased peripheral tissue and pancreatic B-cell resistance to insulin, further
exacerbating the negative energy status. Duehlmeier et al. (2013) reported a breed-associated insulin
resistance in German Blackheaded Mutton ewes that led to an increased risk of developing PT.
Moallem et al. (2012) demonstrated that as the number of fetuses increased, ewes developed
progressively greater metabolic disruption, characterised by rising NEFA and bHB concentrations,
and markedly reduced triglycerides, cholesterol, and insulin concentrations. This insulin suppression
was identified as a key homeorhetic adaptation to redirect glucose to the brain and fetoplacental units;
however, alongside increased NEFA mobilisation, it promoted ketogenesis and increased
susceptibility to gestational ketonaemia and PT in ewes carrying multiple fetuses. These endocrine
adaptations illustrate that progressive reductions in insulin concentration and sensitivity during late
gestation impair glucose homeostasis. Diminished insulin receptor responsiveness limits peripheral
glucose utilisation and heightens reliance on lipolysis and ketogenesis, thereby increasing the risk of

PT, particularly in ewes carrying multiple fetuses.

1.4 Current treatment strategies

Therapeutic intervention for the treatment of PT should aim to address dehydration, metabolic
acidosis and electrolyte imbalances while supporting the re-establishment of glucose homeostatic

mechanisms and VFA production and reducing the production of NEFA and ketone bodies.

1.4.1 Enteral treatment options

A variety of treatment regimens have been recommended, including feeding energy-dense rations to
non-anorexic sheep, or oral drenches with glucose and glucogenic precursors such as sodium
propionate, sodium lactate, glycerol, and propylene glycol (Cal-Pereyra et al., 2015). Increasing ME
density in the management of PT is typically achieved by increasing the supply of rapidly fermentable
or soluble carbohydrates, thereby, enhancing ruminal propionic acid production and hepatic
gluconeogenesis. The use of dietary fat is limited in sheep due to its potential to impair rumen

function and fibre digestion which is already compromised in sheep with PT (Kowalczyk et al., 1977).

Enteral treatment options include electrolyte solutions with a combination of glucose and electrolyte
components. Buswell et al. (1986) reported that a concentrated ORS (Vytrate) containing 44.6 g
glucose, 8.55 g sodium chloride, 6.17 g glycine, 4.08 g potassium dihydrogen phosphate, 0.12 g

potassium citrate, and 0.525 g citric acid in 160 mL produced a significantly faster and greater rise
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in plasma glucose concentrations in ewes than an equivalent glucose dose delivered in water. This
suggested the formulation may better correct the metabolic derangements of PT by rapidly increasing
blood glucose concentration while providing electrolytes and energy substrates. Although glycerol
induced a similar but more prolonged glycaemic response, and propylene glycol had minimal effect,
the ORS appeared to offer the most rapid correction of hypoglycaemia. A follow-up field study using
the ORS drench every 4-8 h reported recovery rates of 90% in mild and 55% in severe naturally
occurring PT cases (overall 68%) (Buswell et al., 1986). By contrast, when 160 mL of Vytrate three
times daily in conjunction with administered with 160 mg of recombinant bovine somatotropin to
treat naturally occurring ovine PT in multi-gravid ewes it resulted in markedly lower survival rates of
34.8% for ewes (Buswell et al., 1986). These contrasting outcomes highlight variability in treatment
efficacy and underscore the limited contemporary evidence evaluating this ORS formulation in the

management of PT, representing a clear gap in the literature.

Treatment strategies should aim to restore depleted blood glucose concentrations and reduce ketone
body synthesis thereby mitigating the development of hyperketonaemia. Oral glucose administration
is easier than intravenous (IV) delivery; however, its effectiveness is uncertain because ruminal
fermentation is likely to metabolise most glucose, providing little direct replenishment of blood
glucose due to minimal direct rumen absorption (Martin-Alonso et al., 2019a). Nevertheless, non-
hypertonic ORS may still benefit ewes with dehydration, uraemia, or metabolic acidosis. Oral glucose
administration has raised concerns about potential side effects, including altering rumen motility and
pH, especially in feed-restricted or inappetent ewes such as ewes with PT, where microbial
fermentation patterns may be altered. This uncertainty regarding the metabolic effects of glucose-

based ORS underscores the need for evidence-based treatment strategies for PT.

Brozos et al. (2011) recommended using two oral doses of 150-200 mL of propylene glycol on day
one, then 60 mL per dose for up to 6 d. Alternatively, 60 mL oral glycerol twice daily for 3-6 d could
be used instead of propylene glycol. Other highly soluble carbohydrate sources such as liquid
molasses may be used as an energy source but act more slowly and can risk ruminal disruption and
predisposition to ruminal acidosis. Supplementation with 30% molasses over three weeks was
associated with improved rumen fermentation parameters, without significant alterations in electrolyte
balance or acid-base homeostasis (Osman et al., 2020). Wang et al. (2024) demonstrated that negative
energy status was associated with reduced concentrations of acetic and butyric acids, shortened rumen
papillae, and alterations in rumen bacterial structure and diversity, indicating that compromised rumen
function may further limit the effectiveness and safety of oral energy supplementation. These findings
illustrate both the potential use, and limitations of current enteral therapies for PT, highlighting the
need to explore alternative strategies that restore glucose homeostasis to the pregnant ewe while

minimising adverse effects on rumen function and overall ewe health.
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1.4.2 Alternative treatment options

There is limited evidence to support the IV administration of propylene glycol, glycerol, or dextrose
in comparison with enteral treatment options, and insulin has only been shown to be effective as an
adjunct to other treatment options (Cal-Pereyra et al., 2015). Kalyesubula et al. (2019) reported that
IV administration of 170 mL isotonic saline with 25.5 mL of glycerol reduced hypoglycaemia,
hyperketonaemia and adipose lipolysis by directly supplying glycerol as a gluconeogenic substrate to

the liver, thereby, bypassing rumen metabolism.

El-Hamamsy et al. (1990) demonstrated that inducing oesophageal groove closure in adult ewes using
lysine vasopressin (0.1 IU/kg) followed by oral glucose markedly improved recovery from PT. This
resulted in sustained increases in plasma glucose concentrations and significant reductions in NEFA
and ketone body concentrations compared with standard IV glucose therapy, which showed minimal

clinical or biochemical benefit.

The use of non-steroidal anti-inflammatory drugs (NSAID), such as flunixin meglumine, is beneficial
as an analgesic, and to prevent inflammatory cascades associated with PT, however, the nephrotoxic

side effects need to be considered in such cases (Zamir et al., 2009).

If fetal viability or dam prognosis is poor, termination of pregnancy will reduce metabolic demand
and mitigate progression of PT. This can be achieved via induction of parturition using
corticosteroids, or caesarean to eliminate the metabolic demand for energy from the fetoplacental unit
(Andrews, 1997; Ingoldby & Jackson, 2001). It has been reported that only 33% of clinically affected
ewes recovered with this sort of intervention (Aitken, 2008; Vijayanand et al., 2022). Producers

should aim to focus on preventative rather than curative measures.

1.5 Oesophageal groove influence on treatment

The oesophageal groove presents a promising mechanism to enhance enteral therapies in PT, as it
might allow orally administered glucose and electrolytes to bypass ruminal degradation, reach the

abomasum and small intestine rapidly, and potentially improve energy homeostasis in affected ewes.

1.5.1 Anatomy and physiology of the oesophageal groove

The oesophageal groove is a muscular structure connecting the oesophageal cardia to the reticulo-
omasal orifice, forming a channel that allows ingested liquid to bypass the rumen and pass directly to
the abomasum, thereby enabling the young ruminant to function in a monogastric-like manner
(Martin-Alonso et al., 2019b). It directs fluids past the rumen and reticulum directly into the

abomasum (Yrskov & Benzie, 1969). Although primarily functional in neonates, understanding the
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developmental physiology informs strategies to stimulate groove closure in adult ewes for therapeutic
purposes. Embryologically, the reticular groove differentiates early in sheep and goats, while
postnatal rumen development progresses through three stages: non-ruminant reliance on milk (birth-3
weeks), transitional solid feed intake with increasing VFA production (3-8 weeks), and full ruminant
function by 8 weeks. Exclusive milk diets in lambs may delay rumen development and maturation
with decreased rumen weight and papillae length as well as reduced abundance of carbohydrate

degrading bacteria (Huang et al., 2023).

Activation of the oesophageal groove involves both the vagal nerve (CN X) and the local myenteric
plexus. Afferent trigeminal stimulation by milk components (albumin, glucose, copper in ovine;
sodium in bovine), reinforced by cortical and sucking inputs, drives an efferent response that contracts
the groove musculature while inhibiting rumino-reticular motility (Comline & Titchen, 1951; Denac
et al., 1990; Newhook & Titchen, 1976). Consequently, central or peripheral stimuli may trigger
closure of the oesophageal groove in adult sheep, permitting orally administered fluids to bypass the
rumen. This reflex can be conditioned in young animals using visual and auditory stimuli and when

fluid is deposited into the back of the mouth (Comline & Titchen, 1951).

In adult sheep, the oesophageal groove is typically inactive, but closure can be triggered, particularly
by voluntary swallowing of fluids and in fasted animals, which allows bypassing of the forestomachs.
Many orally administered substances, including glucose, electrolytes, NSAID, antibiotics, and
anthelmintics, are normally degraded by rumen microbes; however, if the groove closes, these fluids
can reach the abomasum directly, allowing rapid absorption within the gastrointestinal tract
(Elbadawy et al., 2016; Gonzalez et al., 2001; Marini et al., 2016). In PT, triggering oesophageal
groove closure would allow orally administered glucose to bypass ruminal fermentation, facilitating
rapid intestinal absorption, correcting energy deficits, and mitigating negative energy status without

altering rumen pH (Martin-Alonso et al., 2019a).

1.5.2 Agents that induce closure of the oesophageal groove

Many compounds have been shown to induce closure of the oesophageal groove in sheep with enteral
administration, such as copper sulphate, copper acetate, copper chloride (Monnig, 1935; Tsiamitas &
Brikas, 1981; Watson, 1941), zinc acetate, zinc sulphate (Smith et al., 1977), cobalt sulphate
(Sargison et al., 1999), sodium sulphate, bicarbonate, chloride, acetate, and salicylate (Gonzalez-
Montaiia et al., 2014). Physiologically, anti-diuretic hormone (ADH) is continuously synthesised and
secreted by the posterior pituitary to maintain water and electrolyte homeostasis. Under conditions of
increased plasma osmolality or dehydration, ADH secretion is further stimulated. In addition to its
role in renal water conservation, ADH (vasopressin) has been shown to influence oesophageal groove

function, with increased circulating concentrations associated with groove closure. This results in
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liquids bypassing the rumen and passing directly to the abomasum and small intestine for rapid
absorption (Mikhail et al., 1988). Although oesophageal groove closure has been investigated in adult
ruminants for decades, responses to proposed stimulatory agents remain inconsistent and
unpredictable. Consequently, vasopressin has been explored as a pharmacological method of inducing
groove closure to improve oral treatment strategies for conditions including primary ketosis, non-
specific diarrhoea and PT. Gonzalez-Montafa et al. (2014) demonstrated that IV administration of
vasopressin at a dose of 0.08 [U/kg body weight resulted in complete oesophageal groove closure in

adult sheep without inducing adverse effects.

Glucose-containing fluids deposited into the oral cavity can stimulate oropharyngeal and lingual
receptors, which, via vagally mediated reflex pathways, induce oesophageal groove closure. The
precise mechanisms underlying this response remain incompletely understood. This rumen bypass
effect has been observed in 42% of grazing sheep following oral administration of anthelmintics
combined with glucose (Prichard & Hennessy, 1981). The importance of this in relation to PT was
first noted by El-Hamamsy et al. (1990) where oral treatment of a local vasopressin preparation [V at
0.1 IU/kg followed by 50 g glucose in 100 mL water orally was successful in inducing oesophageal
groove closure resulting in increasing plasma glucose concentrations and reducing NEFA and ketone
body concentrations in ewes displaying clinical signs of PT. More contemporary studies have shown
that administering 0.08 IU/kg body weight IV lysine-vasopressin and a 50 g oral glucose solution in
fasted ewes induced oesophageal groove closure. This enabled glucose to bypass the rumen, and be
absorbed in the intestines, increasing blood glucose concentrations for up to 6 h without adverse
effects (Gonzalez-Montafia et al., 2014; Martin-Alonso et al., 2019a). These findings support the
premise that reliable oesophageal groove closure could allow oral administration of glucose and
electrolytes to bypass the rumen fermentation, enhancing systemic glucose availability without

disrupting rumen pH, representing a physiologically sound adjunctive therapy for PT.

The use of oral glucose in ruminants is controversial, as most dietary glucose is rapidly fermented
within the rumen rather than being rapidly absorbed into the blood, limiting its contribution to
systemic glucose availability (Aschenbach et al., 2000a; Aschenbach et al., 2000b). Administration of
rapidly fermentable carbohydrates may disrupt rumen microbial ecology and lower rumen pH,
increasing the risk of subacute or ruminal acidosis, particularly in feed-restricted or anorexic ewes
(Dagnaw Fenta et al., 2023; Jasmin et al., 2011; Lettat et al., 2010; Tufani et al., 2013). Recent
evidence indicated ewes with PT already exhibited rumen microbial dysbiosis and reduced VFA
production, potentially increasing susceptibility to ruminal dysfunction following oral glucose

administration (Chen et al., 2024).
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1.6 Research objective

Despite widespread on-farm use, there is a paucity of empirical data evaluating the effects of glucose-
based ORS on rumen pH and systemic glucose concentrations in feed-restricted ewes. Determining
whether an ORS administration adversely alters the rumen environment is critical to ensuring that
commonly used therapeutic interventions do not inadvertently exacerbate metabolic instability. The
objective of this study was, therefore, to investigate the effects of a proprietary ORS on rumen pH and

blood glucose concentrations in feed-restricted ewes.
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Chapter 2: Materials and Methods

Ethics approval was received for this work by the Charles Sturt University Animal Care and Ethics
Committee on 24 March 2025, Approval Number 425049. This study was conducted at Charles Sturt
University utilising ewes from the University’s commercial flock located on the university campus at
Wagga Wagga, New South Wales. Prior to recruitment into the trial a clinical examination was

conducted on each ewe and no abnormalities were detected.

2.1 Experimental design and animal preparation

The study was conducted over three consecutive days. Twelve non-pregnant, two-year-old Merino
ewes (bodyweight 57—67 kg) were randomly allocated to either a Control group (n = 6) or a Treatment
group (n = 6). Within each group, ewes (n = 2 for each Control and Treatment group per day) were
randomly assigned to one of three trial days. The Treatment group received 160 mL proprietary ORS
Vytrate liquid concentrate (glucose 278.75 g, sodium chloride 53.44 g, glycine 38.56 g, potassium
phosphate monobasic 25.53 g, potassium citrate 0.75 g, citric acid monohydrate 3.28 g) three times at
4 h intervals as per manufacturer recommendations. The Control group received 160 mL aliquots of

tap water orally at the same times as the Treatment group was administered the ORS.

Before the trial, sheep were housed in a shaded yard (6 m x 5.85 m) with ad libitum access to
reticulated fresh water and lucerne hay. Ewes were subsequently moved into indoor pens (1.9 m x
1.93 m per two ewes) and fasted for 24 h before the study, while maintaining access to water. Water
was withheld 30 min prior to the commencement of the trial and for the 10 h duration of the

experimental period.

2.2 Treatment administration

At the start of the trial, time zero (trtl), and again at 4 h (trt2), and 8 h (trt3), ewes received 160 mL of
either water (Control) or ORS (Treatment). Administration was performed using a 60 mL catheter-tip
syringe, slowly dispensing the solution into the cheek pouch to stimulate voluntary swallowing and

ensure complete ingestion of the liquid.

2.3 Blood collection and analysis

Venous blood was collected via jugular venipuncture, for insulin and glucose assay, as well as for
blood gas and electrolyte analysis at 30 min prior to treatment administration (t0) and again 2 h after

treatment (t2).
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2.3.1 Insulin assay

Blood was drawn using a 19G needle into a plain red-top tube (BD Vacutainer 4 mL tube 13 mm x 75
mm). After clotting, the sample was centrifuged for 10 min (Eppendorf Centrifuge 5702, 13.5 cm arm
length at 4.4 x1000 rpm). Serum was removed manually via pipette into a 5 mL TechnoPlas specimen
container and stored frozen at -4°C for subsequent insulin analysis using a solid-phase, enzyme-
labelled chemiluminescent immunometric assay (IMMULITE® 2000 Insulin system; Siemens

Healthcare Diagnostics, UK).

2.3.2 Glucose assay

Using the same venipuncture blood draw as for the insulin assay, a fluoride oxalate grey-top tube (BD
Vacutainer 4 mL tube 13 mm x 75 mm) was filled and immediately inverted to ensure thorough
mixing with the anticoagulant. The tube was then centrifuged at 3500 rpm for 10 min
(Thermoscientific multifuge X pro). The serum was decanted into smaller aliquot tubes and
refrigerated at ~4°C (less than 24 h). Serum glucose concentrations were quantified using an
enzymatic UV (hexokinase) method on an automated clinical chemistry analyser (Beckman Coulter

AU480; Beckman Coulter Inc., Brea, CA, USA), according to the manufacturer’s instructions.

2.3.3 Blood gas analysis

Blood was collected from the same venipuncture into a heparinised, air-free syringe (BD A-line blood
gas syringe 3.0 mL). The air was immediately removed, and the syringe gently inverted. Blood gas,
electrolyte and metabolite parameters were measured within 10 min of collection using a whole blood
analyser (GEM® Premier™ 5000; Werfen, Bedford, MA, USA), according to the manufacturer’s

structions.

2.4 Ruminal fluid sampling and analysis

Relative to treatment delivery (water or ORS), ruminal fluid samples were collected via oral
oesophageal intubation at the following 11 time points: -0.5h,0.5h, 1 h,2h,4.5h,5h, 6 h, 7h, 8.5h,
9 h, and 10 h. A roll of elastoplast (Tensoplast Vet) served as a mouth gag to facilitate the passage of
the tubing through the oral cavity. For ewes (numbered) 1 to 4, samples were collected from -0.5 h to
2 h using a suction-based tubing connected to a manual pump with a weighted filter (20 mm internal
diameter, 22 mm external). However, for samples collected from 4 h to 10 h a smaller-diameter tubing
was used (foal stomach tube 9.5 mm OD x 213 cm), with a plastic internal stylet using with suction
from a 60 mL catheter tipped syringe. For ewes numbered 5 to 12, all samples were collected using 2

m length tubing (10 mm external diameter, 6 mm internal diameter) and a 60 mL catheter tip syringe
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(Terumo), to apply suction to aid in siphoning out the ruminal fluid. All samples were collected into a

clean, dry TechnoPlas 70 mL specimen container.

Control ewes (n = 6) were sampled at all 11 time points between 0 and 10 h. Treatment ewes (n = 6)
were assessed in a staggered design across four treatment phases/periods to produce a cumulative
effect. Treatment phase 0 (trt0, red), represented baseline measurements collected prior to any
treatment administration at -0.5 h; Treatment phase 1 (trtl, green), representing measurements
collected at 0.5 h, 1 h and 2 h following the first treatment administered at 0 h; Treatment phase 2
(trt2, blue), represented measurements collected at 4.5 h, 5 h, 6 h and 7 h following the second
treatment administration at 4 h; and Treatment phase 4 (trt3, aqua) represented measurements
collected at 8.5 h, 9 h and 10 h following the third treatment administration at 8 h. The study design

and sampling frequency are summarised in Table 2.1.

Table 2.1 Study design and timing of rumen pH measurements for the Control and Treatment groups.

Time (h) Control Treatment Treatment
-0.5 6 6 0 0 0
0.5 6 0 6 0 0
1 6 0 6 0 0
2 6 0 6 0 0
4.5 6 0 0 6 0
5 6 0 0 6 0
6 6 0 0 6 0
7 6 0 0 6 0
8.5 6 0 0 0 6
9 6 0 0 0 6
10 6 0 0 0 6

Note: The numbers in the table indicate the number of sheep sampled at a given timepoint.

2.4.1 Ruminal fluid pH

Measurement of ruminal fluid pH was taken within 5 min post sampling to avoid shifts in pH due to
changes in temperature or ion activity. The ruminal fluid was gently agitated, the pH and temperature
of the sample was first measured and recorded using the calibrated “S20 SevenEasy pH” meter
(Mettler-Toledo), followed immediately by the “Basic pH Meter” (Denver Instrument). Once a stable
reading was obtained on both devices, readings were recorded and averaged for analysis, the sample
was then discarded. Electrodes were rinsed with distilled water and blotted dry between samples.

Specimen containers were cleaned, and rinsed twice, and dried by wiping with paper towel.

26



2.4.1.1 pH Meter calibration

The “S20 SevenEasy pH” meter (Mettler-Toledo) and a “Basic pH Meter” (Denver Instrument) and
their electrodes were calibrated at the beginning of each trial day, to ensure accuracy and precision of
pH measurements. Calibration was performed using three standard buffer solutions with pH values of
4.0, 7.0, and 10.0. Electrodes were first rinsed with distilled water and gently blotted dry with paper

towel between each buffer.

Calibration was performed according to manufacturer instructions using a two- or three-point standard
curve, with electrode slope (%) monitored to ensure accuracy. Calibration was considered acceptable
when the slope was within 90—105%, a criterion that was consistently met throughout the trial, with a
“good electrode” status displayed at each calibration. When not in use, electrodes were stored in a pH
4.0 storage solution and routinely inspected for damage, dryness, or residue accumulation to maintain

measurement integrity.
2.5 Post-trial animal care

At the conclusion of the trial, all sheep were clinically examined, subcutaneously administered
meloxicam at 1 mg/kg body weight for post procedural analgesia, and provided ad libitum access to
fresh water and lucerne hay. They returned to the paddock with their cohorts with no adverse effects

observed.
2.6 Statistical analysis

Statistical analysis was performed using R statistical software (R Core Team, 2025). Mixed-effects
regression models were used to account for repeated measures within animals, with animal ID
included as a random effect. Fixed effects included treatment group and time. Where no significant
interaction between treatment and time was identified (p = 0.875), models were simplified to include
main effect terms only, and post-hoc pairwise comparisons were performed based on Tukey’s honest
significance differences (TukeyHSD) test in R (Crawley, 2013). Estimated marginal means and 95%
confidence intervals (CI) were derived from the models to assess differences between treatment
timepoints. For blood variables measured at baseline -0.5 h (t0) and 2 h (t2) post treatment (trt1),
within-animal changes (A = t2 — t0) were calculated and compared between groups using Welch two-
sample t-tests, with between-group differences expressed as Control minus Treatment. Statistical

significance was set at p < 0.05.
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Chapter 3: Results

3.1 Rumen pH

Rumen pH decreased over time in both the Treatment and Control ewes, with a greater reduction
observed in Treatment (p = 0.002) compared to the Control ewes (Figures 3.1 and 3.2). Median rumen
pH in Treatment ewes declined from 7.92 at baseline (trt0) to 7.06 at the final treatment period (trt3),
whereas median rumen pH in Control ewes remained relatively stable over time (7.62). Variability in
rumen pH measurements increased during later treatment periods. Despite these rumen pH decreases,
rumen pH remained within the physiological range in all animals, and no cases of ruminal acidosis
(pH <5.2) were observed. Descriptive boxplot representations (Figures 3.1 and 3.2) were consistent
with inferential analyses derived from the mixed-effects regression model, both demonstrating a
progressive reduction in rumen pH following repeated ORS administration. For Treatment ewes, trt0
represented the baseline pre-treatment measurement collected at -0.5 h and therefore served as the
within-animal control for subsequent treatment periods. Control measurements represented pooled
rumen pH values collected from untreated ewes across all 11 study time points. There was no
significant difference between Control and Treatment ewes at the start of the study (Figure 3.1),

confirming the effect of the randomisation of the ewes.

A mixed-effects regression model with both main effect terms and the interaction term was initially
fitted to the data, and no interaction between treatment and time (p = 0.875) was identified; therefore,

the final model included main effect terms only (Figure 3.3).

Estimated marginal means were calculated for each treatment period with animal identification
(number) included as a random effect to account for repeated measures. Control represented pooled
measurements from Control ewes collected across all study time points, while trt0 represented
baseline pre-treatment measurements from Treatment ewes. A progressive decline in modelled rumen

pH was observed across treatment periods.
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Figure 3.1 Distribution of rumen pH over time by treatment group.

Note: Box-and-whisker plots display median (horizontal line), interquartile range (box; 25th-75th percentile), and range (whiskers). Control animals (ctol) are shown in
black. Treatment timepoints (trt1-trt3) are represented sequentially with trtl in green; trt2 in blue; and trt3 in aqua. The black horizontal dotted line represents the average of

the ctol group pH level over time. The vertical dotted lines represent when the treatment (160 mL ORS for Treatment group or 160 mL water for the ctol group).
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Figure 3.2 Distribution of rumen pH by treatment group.

Note: Box-and-whisker plots display median (horizontal line), interquartile range (box; 25th—75th percentile),
and range (whiskers). Control animals are shown in black and treatment periods are shown sequentially as trt0

(red), trtl (green), trt2 (blue), and trt3 (aqua).

Post-hoc pairwise comparisons, based on the main effects of treatment and time, demonstrated
reductions in rumen pH between baseline measurements (trt0) and all subsequent treatment periods
(trt1-trt3). This indicated a progressive decline in rumen pH following repeated ORS administration.
Differences were also identified between trtl and both trt2 and trt3, supporting a continued reduction
in rumen pH over time. In contrast, no difference was detected between trt2 and trt3, suggesting that
rumen pH stabilised following the second treatment period. The greatest estimated mean differences

relative to baseline were observed at trt2 and trt3 (Figure 3.4).
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Figure 3.3 Model rumen pH for the Control and Treatment groups based on mixed-effects regression analysis.

Note: Points represent estimated marginal means, and error bars indicate 95% confidence intervals.
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Figure 3.4 Post-hoc pairwise comparisons of model-estimated rumen pH between treatment periods.

Note: Points represent estimated mean differences, and error bars indicate 95% confidence intervals derived

from the mixed-effects model. Confidence intervals crossing zero indicated no significant difference.

Comparison was made of the Treatment group (n = 6) not the Control group.
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3.2 Blood parameters

3.2.1 Glucose concentrations

Blood glucose concentrations increased following ORS administration and were higher in the
Treatment group at 2 h compared to Control ewes, as shown in Figure 3.5 and Table 3.1. The change
in blood glucose concentration from baseline to 2 h (A glucose) was also greater in the Treatment

group compared to Control (mean difference —3.23 mmol/L, 95% CI—4.96 to —1.51; p = 0.002).
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Figure 3.5 Blood glucose concentrations by treatment group at baseline (t0) and 2 h post-administration (t2).

Note: Box-and-whisker plots display median (horizontal line), interquartile range (box; 25th—75th percentile),
and range (whiskers). Black represents the Control group and red represents the Treatment group. The left panel
(t0) represents baseline measurements prior to ORS administration, while the right panel (t2) represents

measurements collected 2 h following ORS administration.
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Table 3.1 Mean glucose (mmol/L) and insulin (uM/L) concentrations of ewes at baseline (t0) and 2 h post

administration of either water (Control) or oral rehydration solution (Treatment).

Parameter Control Treatment Between-group difference (95% CI) p-value
Glucose at t0 (mmol/L) 3.97 3.70 0.27 (-0.66 to 1.19) 0.534
Glucose at t2 (mmol/L) 4.18 7.15 -2.97 (-5.14 t0 -0.80) 0.013
A glucose (12 - t0) 0.22 3.45 -3.23 (-4.96 to -1.51) 0.002
Insulin at t0 (uM/L) 8.93 6.75 2.18 (-11.10 to 15.47) 0.719
Insulin at t2 (uM/L) 7.50 19.15 -11.65 (-35.85 to 12.55) 0.286
A insulin (t2 - t0) -1.43 12.40 -13.83 (-26.87 to -0.80) 0.040

3.2.2 Insulin concentrations

Serum insulin concentrations increased over time in the Treatment group following administration of

trtl, whereas concentrations remained stable or slightly decreased in the Control group (Figure 3.6.).

The change in insulin concentration (A insulin; t2 — t0) was greater in the Treatment group compared

with the Control (—13.83, 95% CI —26.87 to —0.80; p = 0.040). No differences in absolute insulin

concentrations were observed between groups at baseline (p = 0.719) or at 2 h post-treatment (p =

0.286), as shown in Table 3.1. However, there was a greater (p = 0.040) change in insulin

concentrations between baseline and 2 h post-treatment (p = 0.040) for the Treatment ewes compared

with the Control ewes.
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Figure 3.6 Serum insulin concentrations by treatment group at baseline (t0) and 2 h post-administration (2).

Note: Box-and-whisker plots display median (horizontal line), interquartile range (box; 25th—75th percentile),
and range (whiskers). Values are presented for Control (black) and Treatment groups (red) after one

administration of the oral rehydration solution (trt1).

3.2.3 Blood electrolytes

Sodium and chloride concentrations increased following treatment (Table 3.3). The change in sodium
(A Na") and chloride (A CI') concentrations was significantly greater in the treatment group compared
to control (both p < 0.001). At 2 h both sodium (Figure 3.7) and chloride (Figure 3.8) concentrations
remained higher in the Treatment group (Na* p < 0.001; Cl" p = 0.0166).
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Figure 3.7. Mean blood sodium (Na") concentrations (mmol/L) of ewes at baseline (t0) and 2 h post
administration of either water (Control) or oral rehydration solution (Treatment).

Note: Box-and-whisker plots display median (horizontal line), interquartile range (box; 25th—75th percentile),
and range (whiskers). Values are presented for Control (black) and Treatment groups (red) after one

administration of the ORS (trt1), demonstrating higher post-treatment values in the treatment group.

* Laboratory Na* reference interval: 141-149 mmol/L
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Figure 3.7. Mean blood chloride (Cl") concentrations (mmol/L) of ewes at baseline (t0) and 2 h post

administration of either water (Control) or oral rehydration solution (Treatment).

Note: Box-and-whisker plots display median (horizontal line), interquartile range (box; 25th—75th percentile),
and range (whiskers). Values are presented for control (black) and treatment groups (red) after one

administration of the ORS (trtl), demonstrating higher post-treatment values in the treatment group.

* Laboratory CI” reference interval: 102—110 mmol/L

3.4 Other variables

All pre-trial clinical examination parameters, including general appearance, body condition,
respiratory rate, and heart rate were within normal limits. As shown in Table 3.3, no differences (p >
0.05) were observed between groups for all measured variables at the start of the study, including
glucose, insulin, blood gas (pH, PCO-, PO2), electrolyte (sodium, potassium, chloride, calcium),
haematocrit and lactate. Haematocrit decreased over time in both groups, from 33.50% to 31.50% in
the control group and from 33.33% to 30.17% in the treatment group, with a greater numerical

reduction observed in the treatment group (A —3.17 vs —2.00; p = 0.128).

Similarly, lactate concentrations decreased in both groups, from 3.38 mmol/L to 1.17 mmol/L in the
control group and from 2.27 mmol/L to 1.03 mmol/L in the treatment group, with a numerically
greater reduction in the control group (A —2.22 vs —1.23; p = 0.0879), although this did not reach

statistical significance.
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Table 3.3 Mean blood biochemistry parameters of ewes at times baseline (t0) and 2 h post administration of

either water (Control) or oral rehydration solution (Treatment).

Parameter Control Treatment Between-group difference (95% CI) p-value
Blood pH at t0 7.435 7.450 -0.015 (-0.047 to 0.017) 0.327
Blood pH at t2 7.465 7.465 0.000 (-0.031 to 0.031) 1.000
A Blood pH (12 - t0) 0.030 0.015 0.015 (-0.012 to 0.042) 0.241
PCO: at t0 (mmHg) 37.67 39.33 -1.67 (-5.04 to 1.71) 0.297
PCO: at t2 (mmHg) 39.00 39.00 0.00 (-2.43 t0 2.43) 1.000
APCO: (12 - t0) 1.33 -0.33 1.67 (-0.19 to 3.53) 0.072
PO: at t0 (mmHg) 40.67 39.33 1.33 (-3.92 to 6.59) 0.560
PO: at t2 (mmHg) 40.33 42.17 -1.83 (-6.00 to 2.33) 0.340
A PO:2 (12 - t0) -0.33 2.83 -3.17 (-8.28 to 1.94) 0.188
Na" at t0 (mmol/L) 144.00 143.17 0.83 (-0.73 to 2.40) 0.264
Na* at t2 (mmol/L) 144.67 147.83 -3.17 (-4.33 to -2.00) <0.001
ANa* (12 - t0) 0.67 4.67 -4.00 (-5.35 to -2.65) <0.001
K* at t0 (mmol/L) 4.30 4.38 -0.08 (-0.48 to 0.32) 0.653
K* at t2 (mmol/L) 4.15 4.12 0.03 (-0.31 to 0.38) 0.833
AK* (12 - t0) -0.15 -0.27 0.12 (-0.22 to 0.46) 0.451
CI at t0 (mmol/L) 107.50 106.67 0.83 (-1.23 t0 2.89) 0.357
CI at t2 (mmol/L) 108.33 112.17 -3.83 (-6.68 to -0.99) 0.0166
ACI (12 - t0) 0.83 5.50 -4.67 (-6.32 to -3.02) <0.001
Ca?" at t0 (mmol/L) 1.1483 1.1817 -0.0333 (-0.1567 to 0.0900) 0.559
Ca?" at t2 (mmol/L) 1.1600 1.1667 -0.0067 (-0.1185 to 0.1052) 0.895
A Ca*" (12 - t0) 0.0117 -0.0150 0.0267 (-0.0208 to 0.0742) 0.239
Hct at t0 (%) 33.50 33.33 0.17 (-3.54 t0 3.87) 0.922
Hct at t2 (%) 31.50 30.17 1.33 (-2.33 t0 4.99) 0.435
A Hct (12 - t0) -2.00 -3.17 1.17 (-0.40 to 2.73) 0.128
Lactate at t0 (mmol/L)  3.383 2.267 1.117 (-0.51 to 2.744) 0.1536
Lactate at t2 (mmol/L)  1.167 1.033 -0.133 (-0.495 t0 0.761) 0.6454
A Lactate (t2 - t0) -2.217 -1.233 -0.983 (-2.153 t0 0.187) 0.0879
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Chapter 4: Discussion

Administration of a propietary ORS (Vytrate) increased blood glucose, sodium and chloride and
serum insulin concentrations, and reduced rumen pH in healthy, feed-restricted ewes. Although rumen
pH declined following administration of the ORS, it did not reach the thresholds associated with
SARA (pH 5-5.5) or ruminal acidosis (pH<5) (Dagnaw Fenta et al., 2023; Lettat et al., 2010; Oetzel,
2000). These findings suggested glucose and electrolyte-containing oral formulations may improve
systemic energy status without causing clinically significant disruption to rumen homeostasis under
the conditions of this study. This is clinically relevant to the management of PT, as the use of oral
glucose remains controversial due to concerns that rapid ruminal fermentation may exacerbate

metabolic instability (Crilly et al., 2021; Mongini & Van Saun, 2023).

Whilst the administration of oral glucose has been shown to reduce rumen pH in sheep (Gregory et
al., 2009), several buffering mechanisms and physiological factors may have mitigated this effect in
the present study. These include salivary buffering and potential sample contamination with saliva,
VFA absorption with associated bicarbonate exchange, and possible oesophageal groove activation
allowing glucose to bypass the rumen into the abomasum. Other pathways, such as SGLT-1 could
facilitate glucose absorption directly from the rumen (Aschenbach et al., 2000). These would not

necessarily directly buffer the rumen pH but could decrease rumen glucose available for fermentation.

Ruminant saliva contains bicarbonate and phosphate ions that contribute to ruminal buffering by
neutralising hydrogen ions produced during microbial fermentation and production of VFA, resulting
in prevention of subsequent SARA or acidosis (Castillo-Lopez et al., 2021). Different salivary
components have been linked to rumen microbial fermentation (Palma-Hidalgo et al., 2021). The
composition of saliva, and hence buffering capacity, can be altered in sheep when under physiological
stress, which may be relevant in ewes with PT (Contreras-Aguilar et al., 2019). Additionally, ruminal
fluid samples were taken via oesophageal intubation, and contamination of the tube with saliva may
have contributed to the measured rumen pH remaining above the normal pH range of 6.4-6.8 (Jasmin
etal., 2011). Rumen pH declined progressively following treatment with the ORS, from a median of
approximately 7.9 at baseline to around 7.1 2 h after the final administration. Rumen pH of the
Control ewes remained relatively stable at approximately pH 7.6 throughout the study. Variability in
rumen pH measurements increased during the later treatment periods, which may have reflected inter-
animal differences in ruminal fermentation dynamics, buffering capacity, oesophageal groove
activation, or direct ruminal glucose absorption as cumulative oral glucose administrations

progressed.

In addition to salivary buffering, absorption of VFA across the ruminal epithelium is a major pathway

for proton removal and is closely coupled with bicarbonate secretion via VFA/HCOs:~ exchange,

38



which reduces ruminal acid load and enhances buffering capacity (Aschenbach et al., 2011). This
coordinated physiological response could explain the observed decrease in ruminal pH following oral
glucose administration without progression to SARA or ruminal acidosis, as increased acid production

was offset by epithelial absorption and bicarbonate-mediated buffering.

Functional studies have demonstrated the presence of SGLT-1 within the ovine ruminal epithelium,
allowing direct absorption of glucose across the rumen wall prior to microbial fermentation
(Aschenbach et al., 2000). It is therefore possible that the relatively small glucose load administered
in the present study was partially absorbed directly from the rumen, limiting fermentable substrate

availability and consequently reducing the extent of VFA and ruminal pH decline.

Alternatively, a degree of oesophageal groove activation may have occurred. Thus, directing the
administered fluid directly into the abomasum, facilitating rapid intestinal absorption of glucose and
contributing to the observed increase in blood glucose concentrations. This mechanism has been
demonstrated in ewes, where glucose-containing solutions can stimulate oesophageal groove closure
in some animals (42%) and result in increased systemic glucose availability (Prichard & Hennessy,
1981). This mechanism has also been demonstrated fluoroscopically in sheep, where pharyngeal
stimulation with copper or cobalt sulphate solutions induced oesophageal groove closure and direct
abomasal delivery of orally administered material in a proportion of animals (Sargison et al., 1999).
The relatively high glucose content of the ORS (44.6 g in 160 mL) supported the hypothesis that
limited ruminal exposure, due to oesophageal closure and glucose diversion to the abomasum, may

have attenuated fermentation-associated declines in ruminal pH (Martin-Alonso et al., 2019b).

In ruminants, elevations in blood glucose concentrations following oral glucose administration
stimulate pancreatic B-cell insulin secretion via glucose metabolism-dependent pathways, promoting
peripheral glucose utilisation and maintaining glycaemic homeostasis (Guo et al., 2021). Insulin
concentrations were measured in this study as blood glucose concentrations were not expected to
increase. It was expected the glucose would enter the rumen, undergo rumen microbial fermentation
and be synthesised into VFA. However, the observed increase in blood insulin concentration in the
present study supported the interpretation that the rise in blood glucose concentrations was

biologically meaningful rather than transient at a single timepoint.

There is limited evidence regarding peak insulin concentrations following orally administered glucose
in sheep. Experimental studies in ewes have demonstrated that plasma insulin concentrations
increased rapidly following IV glucose administration, with peak responses typically occurring within
minutes, (Lunesu et al., 2023). Given insulin concentrations were likely to have already peaked prior

to 2 h (t0 = 6.75, 2= 19.15, p = 0.040), this indicated rapid glucose absorption, supporting glucose
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going directly to the abomasum and small intestine rather than via rumen fermentation, or possibly

but unlikely, via SGLT-1 rumen absorption mechanisms.

Pregnant ewes were not used in this study, which was an important limitation when interpreting the
clinical applicability of these findings to PT. During late gestation, ewes develop reduced insulin
sensitivity and lower circulating insulin concentrations as part of normal metabolic adaptation to
support fetal glucose supply (Regnault et al., 2004; Shorten et al., 2016). Consequently, although
glucose administration can stimulate insulin secretion, the metabolic response in pregnant or
pregnancy toxaemic ewes may be diminished compared to the healthy non-pregnant ewes used in the
present study. This insulin resistance may reduce the effectiveness of glucose supplementation alone
in clinically affected animals, highlighting the importance of multimodal treatment approaches
incorporating glucogenic precursors, fluid and electrolyte therapy, insulin administration, and, in

severe cases, induction of parturition or caesarean section (Crilly et al., 2021; Souto et al., 2019).

Buswell et al. (1986) demonstrated a peak increase in blood glucose concentrations 2 h following oral
administration of an ORS (Vytrate) in non-pregnant ewes; however, there have not been further
experimental studies supporting its application as a treatment regimen for PT. This is likely due to the
concerns associated with rumen fermentation of glucose (Crilly et al., 2021). Pregnancy toxaemia is
associated with altered rumen fermentation and microbial dysbiosis, characterised by reduced
concentrations of key VFA and shifts in rumen microbial composition, which impair nutrient
utilisation and further exacerbate negative energy status (Chen et al., 2024). Adding glucose to the
rumen would likely enhance this dysbiosis and further disrupt ruminal fermentation, potentially

exacerbating negative energy status and increasing the risk of ruminal acidosis.

Blood glucose concentrations vary throughout the course of PT, with ewes typically hypoglycaemic
early in the disease process and become hyperglycaemic in later stages (Souto et al., 2019). This is
why blood glucose is not considered a reliable prognostic indicator for PT (Igbal et al., 2022;
Sargison, 2007). Nevertheless, assessment of blood glucose concentrations prior to treatment remains
an important component of the clinical evaluation and therapeutic management of PT. Early cases of
PT can be managed with glucogenic precursors such as propylene glycol or glycerol (Bayne, 2023;
Brozos et al., 2011) or with glucose supplementation (Buswell et al., 1986), to restore glycaemic
homeostasis, increase energy availability, reduce lipolysis, and reduce mobilisation of NEFA and
ketone body production. Glucogenic precursors such as propylene glycol undergo substantial ruminal
microbial metabolism, generating propionic acid and other gluconeogenic substrates that may provide
a more sustained energy source to the ewe and feto-placental unit (Ferraro et al., 2016; Kristensen &
Raun, 2007). In contrast, oesophageal groove closure following oral glucose administration may

facilitate more rapid systemic glucose absorption through partial bypass of the rumen, potentially
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improving short-term glycaemic support and electrolyte delivery, but possibly reducing exposure of

the solution to ruminal fermentation processes (Jrskov & Benzie, 1969).

Administration of the ORS resulted in a significant change in blood glucose concentrations at 2 h (t0=
3.70 mmol/L, t2= 7.15 mmol/L) compared with the Control group. This increase was likely to be
clinically meaningful in the context of PT, as it suggested oral glucose delivery may be sufficient to
partially correct hypoglycaemia and limit progression of ketogenesis (Martin-Alonso et al., 2019).
Assessment of blood glucose concentrations prior to treatment may therefore help guide appropriate

therapeutic intervention and identify animals most likely to benefit from glucose supplementation.

Several physiological mechanisms may account for the observed glycaemic response, despite
expected ruminal fermentation, although their relative contributions cannot be determined in the
present study. Liquid-phase digesta is cleared from the rumen more rapidly than solid material
because it consists of fluid and small particles that are not retained within the rumen mat, allowing
faster mixing and passage through the reticulo-omasal orifice (De Vega et al., 2025). This reduces
ruminal retention time and limits exposure to microbial fermentation, increasing the likelihood that
glucose reaches the small intestine for absorption. Although most dietary glucose is typically
fermented into VFA in the rumen, a small proportion may escape fermentation (Liu et al., 2020).
Glucose can also be directly absorbed across the ruminal epithelium via SGLT-1 mediated, sodium-
dependent transport, although this contribution is likely minimal (Aschenbach et al., 2000a; 2000b;
2002). In addition, short-term fasting alters rumen microbial composition and fermentation dynamics,
including reductions in key fermenting microbial species (Kim et al., 2019). This may reduce
microbial glucose utilisation and increase the likelihood of glucose escaping ruminal fermentation,
contributing to increased systemic availability. Rumen activity and coordinated motility could be

affected by the PT and derangements associated with the disease complex.

The ORS was administered slowly into the cheek pouch via a catheter-tip syringe, relying on
voluntary swallowing of the administered liquid by the ewe. This method may have stimulated the
oesophageal groove closure reflex (Comline & Titchen, 1951; Martin-Alonso et al., 2019b; Orskov &
Benzin, 1969; Ruckebusch, 1989) and facilitated at least partial rumen bypass, thereby reducing
ruminal exposure and fermentation of glucose. Whilst the observed increase in blood glucose
concentration was consistent with this mechanism, the present study could not confirm this

hypothesis, and further investigation is required.

There were significant increases in blood sodium and chloride concentrations in the Treatment group
compared to the Control group. Addressing concurrent electrolyte and acid—base derangements, as
well as dehydration, is an important part in the treatment of PT for both the dam and fetus, regardless

of the therapeutic intervention selected (Bayne, 2023). The ORS contained electrolytes which likely
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contributed to the observed increases in blood sodium and chloride concentrations. All sodium values

were within laboratory reference ranges (141-149 mmol/L).

Chloride concentrations increased up to 112.17 mmol/L which was slightly above the upper reference
range (laboratory reference interval 102—110 mmol/L), in the Treatment group, consistent with the
development of mild hyperchloremia following ORS administration. From a strong ion perspective,
chloride acts as a principal strong anion, and increases in its concentration reduce the strong ion
difference, thereby promoting a shift toward metabolic acidosis (Funes & De Morais, 2017; Las et al.,
2007). Despite this, systemic acid—base status remained stable in the Treatment group (pH 7.45 to
7.47), indicating that the degree of hyperchloremia induced was not sufficient to cause clinically
relevant acidaemia in healthy, feed-restricted ewes, likely due to intact physiological buffering and
renal compensatory mechanisms (Jaramillo-Lopez et al., 2017). However, this finding should be
interpreted cautiously in the context of clinical disease. In ewes with PT, where ketoacidosis is
already present, the physiological capacity to compensate for additional acidification influences is
likely reduced. Under such conditions, further increases in chloride may decrease the strong ion
difference to a greater extent, predisposing to hyperchloraemic metabolic acidosis and exacerbating
systemic acid-base derangement. This has important clinical implications, as treatment of PT is
directed toward correcting negative energy status, dehydration, and electrolyte abnormalities while
avoiding further deterioration in acid—base status (Ji et al., 2023). Therefore, the use of chloride-rich
formulations may not be optimal in compromised animals, and alternative alkalinising sodium salts,
such as sodium bicarbonate, acetate, or propionate, may provide a more physiologically appropriate

approach by supporting acid—base balance while maintaining electrolyte and energy supplementation.

A decrease in haematocrit was observed in both the Control (t0 = 33.50%, t2 = 31.50%) and
Treatment groups (t0 = 33.33%, t2 = 30.17%). As the ewes were water restricted during the trial, this
may have reflected haemodilution and improved hydration status following oral fluid administration
rather than a direct effect of electrolyte supplementation (Costa et al., 2025). At later sampling
timepoints the ruminal fluid samples were more difficult to obtain as the fibre mat appeared to be
drier, which could indicate that water absorption was occurring from the gastrointestinal tract,

particularly the rumen in this case, to maintain blood volume.

A mild reduction in blood lactate concentrations was observed in both groups, with a slightly greater
decrease in the Treatment group (2.27 mmol/L to 1.03 mmol/L) compared to Control (3.38 mmol/L to
1.17 mmol/L). Concurrently, PO: increased modestly in the Treatment group (39.33 mmHg to 42.17
mmHg) but remained stable in the Control ewes (40.67 mmHg to 40.33 mmHg). As lactate
concentration reflects anaerobic metabolism and tissue perfusion, its reduction, alongside increased

PO., suggested improved oxygenation and a shift toward aerobic metabolism following treatment
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(Elmeligy et al., 2025; Kichmann et al., 2026). This interpretation was further supported by a
reduction in haematocrit in both groups, which may indicate improved hydration status following oral
fluid administration (Casamassima et al., 2016). However, given the use of healthy, non-pregnant
ewes, these findings likely reflect normal physiological responses and may not translate to clinically

compromised animals.

2.1 Limitations and future research

Several limitations must be considered when interpreting the findings of this study. The sample size,
while determined to be appropriate based on a repeated-measures ANOVA power calculation (o =
0.05, power = 0.8), consisted of 12 animals (six per group). The use of healthy, non-pregnant ewes
limited applicability to PT, as these animals did not reflect the metabolic demands of late gestation
(Moallem et al. 2012), including fetal glucose requirements and altered insulin dynamics (Lomax et
al., 1979; Regnault et al., 2004), and findings may not fully translate to clinical cases. The short study
duration and fixed sampling timepoints (-0.5 h and 2 h) may not have captured peak or sustained
responses, and the duration of the glycaemic effect remains unknown. Additionally, the absence of
blood ketone and rumen VFA measurements limited interpretation of metabolic and fermentative
changes. Collection of ruminal fluid samples via oesophageal intubation may have introduced saliva
contamination and sampling variability, potentially affecting pH accuracy, although the methodology

was consistent across animals.

Future studies should investigate effects in pregnant or clinically affected ewes and include
measurement of blood ketone and rumen VFA (acetic acid, propionic acid, and butyric acid)
concentrations. Techniques such as markers or imaging could also be utilised to confirm oesophageal
groove activation and rumen bypass, alongside evaluation of different administration methods, such

as direct drenching rather than slow delivery via the cheek pouch.

This study contributed to the veterinary literature by providing insight into both systemic and ruminal
responses to Vytrate liquid concentrate in non-pregnant ewes, incorporating rumen pH data and
mechanistic explanations for glucose utilisation. Previous work, such as Buswell (1986),
demonstrated rapid increases in blood glucose concentrations but focused primarily on clinical

outcomes with limited evaluation of the rumen environment.
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2.2 Conclusion

Administration of a proprietary ORS significantly increased blood glucose concentrations 2 h

following the first treatment compared with Control ewes. Although rumen pH progressively declined

following repeated oral glucose administration, values remained above thresholds associated with
SARA and overt ruminal acidosis. Blood sodium and chloride concentrations increased following

treatment but generally remained within laboratory reference intervals.

These findings suggested slow oral administration of a proprietary ORS via the cheek pouch may
represent a viable supportive treatment strategy for hypoglycaemic ewes. Potential oesophageal
groove activation may have contributed to the observed changes in blood variables while limiting
ruminal fermentation and acidosis. Further studies in pregnant and clinically affected ewes are

required to determine the clinical applicability of this approach in PT.

44



Chapter 5: References

Abbott, K. A. (2024). Sheep veterinary practice (1st ed.). Taylor & Francis Group.
https://doi.org/10.1201/9781003344346

Abdelrahman, M. M. (2008). The effect of high calcium intake by pregnant Awassi ewes at late
gestation on mineral status and performance of ewes and newborn lambs. Livestock

Science, 117(1), 15-23. https://doi.org/10.1016/].1livsci.2007.11.006

Adam, M., Ajadi, A. A., Atata, J. A., Olaniyi, M. O., Raufu, I. A., Lawal, F. M., Bashir, A.,
Odetokun, I. O., Raji, L. O., Balogun, R. B., & Ghali-Mohammed, I. (2024). Pathology and
oxidative stress changes associated with pregnancy toxaemia in ewes. Sahel Journal of

Veterinary Sciences, 21(1), 25-33. https://doi.org/10.54058/saheljvs.v21i1.431

Aitken, I. D. (Ed.). (2007). Diseases of sheep (4th ed.). Wiley-Blackwell.
https://doi.org/10.1002/9780470753316

Andrews, A. H. (1997). Pregnancy toxaemia in the ewe. In Practice, 19(6), 306-314.
https://doi.org/10.1136/inpract.19.6.306

Aschenbach, J. R., Borau, T., & Gébel, G. (2002). Glucose uptake via SGLT-1 is stimulated by
beta(2)-adrenoceptors in the ruminal epithelium of sheep. The Journal of Nutrition, 132(6),
1254—-1257. https://doi.org/10.1093/jn/132.6.1254

Aschenbach, J. R., Penner, G. B., Stumpff, F., & Gébel, G. (2011). Ruminant nutrition symposium:
Role of fermentation acid absorption in the regulation of ruminal pH. Journal of Animal

Science, 89(4), 1092—-1107. https://doi.org/10.2527/jas.2010-3301

Aschenbach, J. R., Wehning, H., Kurze, M., Schaberg, E., Nieper, H., Burckhardt, G., & Gébel, G.
(2000a). Functional and molecular biological evidence of SGLT-1 in the ruminal epithelium
of sheep. American Journal of Physiology-Gastrointestinal and Liver Physiology, 279(1),
G20-G27. https://doi.org/10.1152/ajpgi.2000.279.1.G20

Aschenbach, J. R., Pfannkuche, H., Gibel, G., & Bhatia, S. K. (2000b). Glucose is absorbed in a
sodium-dependent manner from forestomach contents of sheep. The Journal of Nutrition,

130(11), 2797-2801. https://doi.org/10.1093/jn/130.11.2797

45


https://doi.org/10.1201/9781003344346
https://doi.org/10.1016/j.livsci.2007.11.006
https://doi.org/10.54058/saheljvs.v21i1.431
https://doi.org/10.1002/9780470753316
https://doi.org/10.1136/inpract.19.6.306
https://doi.org/10.1093/jn/132.6.1254
https://doi.org/10.2527/jas.2010-3301
https://doi.org/10.1152/ajpgi.2000.279.1.G20
https://doi.org/10.1093/jn/130.11.2797

Barbagianni, M. S., Giannenas, E., Papadopoulos, E., Petridis, I. G., Spanos, S. A., Gouletsou, P. G.,
Valasi, L., Gougoulis, D. A., Fthenakis, G. C., & Mavrogianni, V. S. (2015a). Pregnancy
toxaemia in ewes: Development of an experimental model and potential interactions with
gastrointestinal nematode infections. Small Ruminant Research, 133, 102—107.

https://doi.org/10.1016/j.smallrumres.2015.09.008

Barbagianni, M. S., Spanos, S. A., loannidi, K. S., Vasileiou, N. G. C., Katsafadou, A. 1., Valasi, L.,
Gouletsou, P. G., & Fthenakis, G. C. (2015b). Increased incidence of peri-parturient problems
in ewes with pregnancy toxaemia. Small Ruminant Research, 132, 111-114.

https://doi.org/10.1016/j.smallrumres.2015.10.017

Barbagianni, M. S., Mavrogianni, V. S., Katsafadou, A. 1., Spanos, S. A., Tsioli, V., Galatos, A. D.,
Gouletsou, P. G., Valasi, 1., & Fthenakis, G. C. (2015¢). Pregnancy toxaemia as predisposing
factor for development of mastitis in sheep during the immediately post-partum period. Small

Ruminant Research, 130, 246-251. https://doi.org/10.1016/j.smallrumres.2015.07.002

Bayne, J. E. (2023). Pregnancy toxemia therapeutic options. Veterinary Clinics of North America:
Food Animal Practice, 39(2), 293-305. https://doi.org/10.1016/j.cvfa.2023.02.003

Brozos, C., Mavrogianni, V. S., & Fthenakis, G. C. (2011). Treatment and control of peri-parturient
metabolic diseases: Pregnancy toxemia, hypocalcemia, hypomagnesemia. Veterinary Clinics
of North America: Food Animal Practice, 27(1), 105-113.
https://doi.org/10.1016/j.cvfa.2010.10.004

Buswell, J., Haddy, J., & Bywater, R. (1986). Treatment of pregnancy toxaemia in sheep using a
concentrated oral rehydration solution. Veterinary Record, 118(8), 208-209.
https://doi.org/10.1136/vr.118.8.208

Cal-Pereyra, L., Gonzalez-Montafia, J. R., Benech, A., Acosta-Dibarrat, J., Martin, M. J., Perini, S., &
Carrau, A. (2015). Evaluation of three therapeutic alternatives for the early treatment of ovine
pregnancy toxaemia. [rish Veterinary Journal, 68(1), 25. https://doi.org/10.1186/s13620-015-
0053-2

Casamassima, D., Vizzarri, F., Nardoia, M., & Palazzo, M. (2016). The effect of water restriction on
various physiological variables in intensively reared Lacaune ewes. Veterindrni Medicina,

61(11), 623—634. https://doi.org/10.17221/144/2015-VETMED

46


https://doi.org/10.1016/j.smallrumres.2015.09.008
https://doi.org/10.1016/j.smallrumres.2015.10.017
https://doi.org/10.1016/j.smallrumres.2015.07.002
https://doi.org/10.1016/j.cvfa.2023.02.003
https://doi.org/10.1016/j.cvfa.2010.10.004
https://doi.org/10.1136/vr.118.8.208
https://doi.org/10.1186/s13620-015-0053-2
https://doi.org/10.1186/s13620-015-0053-2
https://doi.org/10.17221/144/2015-VETMED

Castillo-Lopez, E., Petri, R. M., Ricci, S., Rivera-Chacon, R., Sener-Aydemir, A., Sharma, S.,
Reisinger, N., & Zebeli, Q. (2021). Dynamic changes in salivation, salivary composition, and
rumen fermentation associated with duration of high-grain feeding in cows. Journal of Dairy

Science, 104(4), 4875-4892. https://doi.org/10.3168/jds.2020-19142

Chen, J., Wang, S., Yin, X., Duan, C., Li, J., Yue-qin, L., Zhang, Y., Wang, X., & Li, X. (2024).
Relationship between rumen microbiota and pregnancy toxemia in ewes. Frontiers in

Veterinary Science, 11, 1472334, https://doi.org/10.3389/fvets.2024.1472334

Comline, R. S., & Titchen, D. A. (1951). Reflex contraction of the oesophageal groove in young
ruminants. The Journal of Physiology, 115(2), 210-226.
https://doi.org/10.1113/jphysiol.1951.sp004666

Contreras-Aguilar, M., Escribano, D., Quiles, A., Lopez-Arjona, M., Ceron, J., Martinez-Subiela, S.,
Hevia, M., & Tecles, F. (2019). Evaluation of new biomarkers of stress in saliva of sheep.

Animal, 13(6), 1278-1286. https://doi.org/10.1017/s1751731118002707

Costa, C. D., Araujo, G. G., Magalhaes, A. L., De Andrade, A. P., Turco, S. H., Matos, M. H.,
Silva, D. C., Aratjo, C. D., Valenga, R. D., Silva, T. G., Campos, F. S., & Gois, G. C. (2025).
Physiological and metabolic responses to water restriction in ewes under semi-arid

conditions. Veterinary Sciences, 12(9), 790. https://doi.org/10.3390/vetsci1 2090790

Crawley, M. J. (2013). The R book (2nd ed.). Wiley. https://doi.org/10.1002/9781118448908

Crilly, J., Phythian, C., & Evans, M. (2021). Advances in managing pregnancy toxaemia in sheep. In
Practice, 43(2), 79-94. https://doi.org/10.1002/inpr.17

Dagnaw Fenta, M., Gebremariam, A. A., & Mebratu, A. S. (2023). Effectiveness of probiotic and
combinations of probiotic with prebiotics and probiotic with rumenotorics in experimentally
induced ruminal acidosis in sheep. Veterinary Medicine, 14, 63-78.

https://doi.org/10.2147/VMRR.S396979

De Vega, A., Gasa, J., Castrillo, C., & Guada, J. A. (2025). Presentation (chopped versus ground and
pelleted) of a low-quality alfalfa hay in sheep: Effects on intake, feeding behaviour, rumen fill
and digestion, and passage. Animals, 15(4), 541. https://doi.org/10.3390/ani1504054 1

47


https://doi.org/10.3168/jds.2020-19142
https://doi.org/10.3389/fvets.2024.1472334
https://doi.org/10.1113/jphysiol.1951.sp004666
https://doi.org/10.1017/s1751731118002707
https://doi.org/10.3390/vetsci12090790
https://doi.org/10.1002/9781118448908
https://doi.org/10.1002/inpr.17
https://doi.org/10.2147/VMRR.S396979
https://doi.org/10.3390/ani15040541

Denac, M., Oertle, C., Kiimin, G., Eggenberger, E., & Scharrer, E. (1990). Relaxation of muscle strips
from the reticular groove and reticulo-omasal orifice by vasoactive intestinal peptide (VIP).
Zentralblatt fiir Veterindrmedizin Reihe A, 37, 425-429. https://doi.org/10.1111/.1439-
0442.1990.tb00924.x

Duehlmeier, R., Noldt, S., & Ganter, M. (2013). Pancreatic insulin release and peripheral insulin
sensitivity in German black headed mutton and Finnish Landrace ewes: Evaluation of the role
of insulin resistance in the susceptibility to ovine pregnancy toxemia. Domestic Animal

Endocrinology, 44(4), 213-221. https://doi.org/10.1016/j.domaniend.2013.01.003

El-Hamamsy, H. T., EI-Neweehy, T. K., Abdou, O. M., & Kubesy, A. A. (1990). Clinical significance
of oesophageal groove vasopressin induced-closure. 1. A new concept in the oral glucose

treatment of pregnancy toxaemia in ewes. Veterinary Medical Journal, 38(3), 373-384.

Elbadawy, M., Ishihara, Y., Aboubakr, M., Sasaki, K., & Shimoda, M. (2016). Oral absorption
profiles of sulfonamides in Shiba goats: A comparison among sulfadimidine, sulfadiazine and
sulfanilamide. Journal of Veterinary Medical Science, 78(6), 1025-1029.
https://doi.org/10.1292/jvims.15-0601

Elmeligy, E., Abdel-Lah, E. S., Almuhanna, A. H., Abdelghffar, E. A., Shukry, M., Saber, M., Abu-
Seida, A. M., El-Hawari, S. F., Al-Shuraym, L. A., Alkeridis, L. A., Khesruf, K. A., &
Khalphallah, A. (2025). Assessment of an integrated therapeutic protocol for sheep with acute
ruminal impaction: Diagnostic and prognostic significance of rumen functions and

hepatorenal biomarkers. Frontiers in Veterinary Science, 12, 1587098.

https://doi.org/10.3389/fvets.2025.1587098

Ferraro, S., Mendoza, G., Miranda, L., & Gutiérrez, C. (2016). In vitro ruminal fermentation of
glycerol, propylene glycol and molasses combined with forages and their effect on glucose
and insulin blood plasma concentrations after an oral drench in sheep. Animal Feed Science

and Technology, 213, 74-80. https://doi.org/10.1016/].anifeedsci.2016.01.010

Funes, S., & De Morais, H. A. (2017). A quick reference on hyperchloremic metabolic acidosis.
Veterinary Clinics of North America: Small Animal Practice, 47(2), 201-203.
https://doi.org/10.1016/j.cvsm.2016.11.001

48


https://doi.org/10.1111/j.1439-0442.1990.tb00924.x
https://doi.org/10.1111/j.1439-0442.1990.tb00924.x
https://doi.org/10.1016/j.domaniend.2013.01.003
https://doi.org/10.1292/jvms.15-0601
https://doi.org/10.3389/fvets.2025.1587098
https://doi.org/10.1016/j.anifeedsci.2016.01.010
https://doi.org/10.1016/j.cvsm.2016.11.001

Glengarry, J. M., Thompson, B., Pricone, M., Archer, M. S., & de Boer, H. H. (2025). Post-mortem
urine dipstick analysis for hyperglycemia and ketoacidosis: Observer agreement and
diagnostic value. International Journal of Legal Medicine, 139(4), 1893-1902.
https://doi.org/10.1007/s00414-025-03477-3

Gomez, D. E., Kuthiala, S., Liu, H. L., Durosier, D. L., Cao, M., Burns, P., Desrochers, A., Fecteau,
G., & Frasch, M. G. (2015). Effect of maternal ketoacidosis on the ovine fetus. Canadian
Veterinary Journal, 56(8), 863—866.

Gonzalez, F., San Andrés, M. 1., Nieto, J., San Andrés, M. D., Waxman, S., Vicente, M. L.,
Rodriguez, C., & San Andrés, M. (2001). Influence of ruminal distribution on norfloxacin
pharmacokinetics in adult sheep. Journal of Veterinary Pharmacology and Therapeutics,

24(4), 241-245. https://doi.org/10.1046/.1365-2885.2001.00334.x

Gonzalez-Montafia, J. R., Martin, M. J., Benech, A., Alonso, M. E., Alonso, A. J., & Cal-Pereyra, L.
G. (2014). Handling the gastric groove closure in adult sheep using lysine-vasopressin. Small

Ruminant Research, 121(2), 418-424. https://doi.org/10.1016/j.smallrumres.2014.07.025

Gregory, B. P., Aschenbach, J. R., Gébel, G., Rackwitz, R., & Oba, M. (2009). Epithelial capacity for
apical uptake of short-chain fatty acids is a key determinant for intraruminal pH and the
susceptibility to subacute ruminal acidosis in sheep. The Journal of Nutrition, 139(9), 1714—
1720. https://doi.org/10.3945/jn.109.108506

Gross, J. J., Schwarz, F. J., Eder, K., van Dorland, H. A., & Bruckmaier, R. M. (2013). Liver fat
content and lipid metabolism in dairy cows during early lactation and during a mid-lactation
feed restriction. Journal of Dairy Science, 96(8), 5008—5017.
https://doi.org/10.3168/jds.2012-6245

Guo, L., Yao, J., & Cao, Y. (2021). Regulation of pancreatic exocrine in ruminants and the related
mechanism: The signal transduction and more. Animal Nutrition, 7(4), 1145—-1151.

https://doi.org/10.1016/j.aninu.2021.09.004

Harmeyer, J., & Schlumbohm, C. (2006). Pregnancy impairs ketone body disposal in late gestating
ewes: Implications for onset of pregnancy toxaemia. Research in Veterinary Science, 81(2),

254-264. https://doi.org/10.1016/5.rvsc.2005.10.010

49


https://doi.org/10.1007/s00414-025-03477-3
https://doi.org/10.1046/j.1365-2885.2001.00334.x
https://doi.org/10.1016/j.smallrumres.2014.07.025
https://doi.org/10.3945/jn.109.108506
https://doi.org/10.3168/jds.2012-6245
https://doi.org/10.1016/j.aninu.2021.09.004
https://doi.org/10.1016/j.rvsc.2005.10.010

Hasanabadi, M., Mohri, M., Seifi, H. A., & Heidarpour, M. (2019). Evaluation of the serum
fructosamine concentrations in transition period and its relationship with serum proteins and
energy characteristics in dairy cows. Comparative Clinical Pathology, 28(3), 725-
730. https://doi.org/10.1007/s00580-019-02918-x

Henze, P., Bickhardt, K., Fuhrmann, H., & Sallmann, H. P. (1998). Spontaneous pregnancy toxaemia
(ketosis) in sheep and the role of insulin. Zentralblatt Fiir Veterinarymedizin Reihe, 45(5),
255-266. https://doi.org/10.1111/7.1439-0442.1998.tb00825.x

Hill, P. A., Coghlan, J. P., Scoggins, B. A., & Ryan, G. B. (1984). Functional and morphologic
studies of the adrenal cortex and kidney in ovine toxaemia of pregnancy. The Journal of

Pathology, 144(1), 1-13. https://doi.org/10.1002/path.1711440102

Huang, Y., Wang, G., Zhang, Q., Chen, Z., Li, C., Wang, W., Zhang, X., Wang, X., Zhang, D., Cui,
P., & Ma, Z. (2023). Effects of milk replacer feeding level on growth performance, rumen
development and the ruminal bacterial community in lambs. Frontiers in Microbiology, 13,

1069964. https://doi.org/10.3389/fmicb.2022.1069964

Igbal, R., Beigh, S. A., Mir, A. Q., Shaheen, M., Hussain, S. A., Nisar, M., Sheikh, A. A., Nabi, S. U.,
& Khan, H. M. (2022). Evaluation of metabolic and oxidative profile in ovine pregnancy
toxemia and to determine their association with diagnosis and prognosis of disease. Tropical

Animal Health and Production, 54(6), 338. https://doi.org/10.1007/s11250-022-03339-9

Ingoldby, L., & Jackson, P. (2001). Induction of parturition in sheep. /n Practice, 23(4), 228.
https://doi.org/10.1136/inpract.23.4.228

Jaramillo-Loépez, E., Itza-Ortiz, M. F., Peraza-Mercado, G., & Carrera-Chavez, J. M. (2017). Ruminal
acidosis: Strategies for its control. Austral Journal of Veterinary Sciences, 49(3), 139-148.
https://doi.org/10.4067/S0719-81322017000300139

Jasmin, B. H., Boston, R. C., Modesto, R. B., & Schaer, T. P. (2011). Perioperative ruminal pH
changes in domestic sheep (Ovis aries) housed in a biomedical research setting. Journal of the

American Association for Laboratory Animal Science, 50(1), 27-32.

Ji, X., Liu, N., Wang, Y., Ding, K., Huang, S., & Zhang, C. (2023). Pregnancy toxemia in ewes: A
review of molecular metabolic mechanisms and management strategies. Metabolites, 13(2),

149. https://doi.org/10.3390/metabo13020149

50


https://doi.org/10.1007/s00580-019-02918-x
https://doi.org/10.1111/j.1439-0442.1998.tb00825.x
https://doi.org/10.1002/path.1711440102
https://doi.org/10.3389/fmicb.2022.1069964
https://doi.org/10.1007/s11250-022-03339-9
https://doi.org/10.1136/inpract.23.4.228
https://doi.org/10.4067/S0719-81322017000300139
https://doi.org/10.3390/metabo13020149

Kalyesubula, M., Rosov, A., Alon, T., Moallem, U., & Dvir, H. (2019). Intravenous infusions of
glycerol versus propylene glycol for the regulation of negative energy balance in sheep: A

randomized trial. Animals, 9(10), 731. https://doi.org/10.3390/ani910073 1

Kasimanickam, R. K. (2016). Subclinical pregnancy toxemia-induced gene expression changes in

ovine placenta and uterus. Frontiers in Veterinary Science, 3, 69. https://doi.org/10.3389/fv

Kelly, R. F., Jennings, A., Burrough, E., Russell, G., Adam, K., Gascoigne, E., Tarlton, J., & Green,
M. (2025). Influence of ewe metabolic status on failure of passive transfer of immunity and
lamb production in a UK lowland flock. Veterinary Record, 197(12), €297—€310.
https://doi.org/10.1002/vetr.5922

Kichmann, V., Biittner, K., Blad-Stahl, J., Wagner, H., & Wehrend, A. (2026). Evaluation of a rapid
method for measuring lactate in the venous blood of ruminants. Veterinary Record.

https://doi.org/10.1002/vetr.70390

Khames Mustafa, M., Shareef Saed, O., & Abdulealah Ismaeel, M. (2023). Clinical and biochemical
study of pregnancy toxemia in Iraqi ewes. Archives of Razi Institute, 78(3), 1131-1139.
https://doi.org/10.22092/AR1.2022.359922.251

Kim, J. N., Song, J., Kim, E. J., Chang, J., Kim, C., Seo, S., Chang, M. B., & Bae, G. (2019). Effects
of short-term fasting on in vivo rumen microbiota and in vitro rumen fermentation
characteristics. Asian-Australasian Journal of Animal Sciences, 32(6), 776—782.

https://doi.org/10.5713/ajas.18.0489

Kirk, B., Clune, T., de Looff, E., Jones, J., Barber, S., McGill, D., Refshauge, G., & Celi, P. (2025).
Periparturient mortality in Merino ewes in Australia: Incidence, impact and the path to
mitigation strategies. Australian Veterinary Journal, 103(5), 287-297.
https://doi.org/10.1111/avi.13430

Kristensen, N., & Raun, B. (2007). Ruminal and intermediary metabolism of propylene glycol in
lactating Holstein cows. Journal of Dairy Science, 90(10), 4707-
4717. https://doi.org/10.3168/jds.2007-0295

Kowalczyk, J., @rskov, E. R., Robinson, J. J., & Stewart, C. S. (1977). Effect of fat supplementation
on voluntary food intake and rumen metabolism in sheep. British Journal of Nutrition, 37(2),

251-257. https://doi.org/10.1079/BIJIN19770026

51


https://doi.org/10.3390/ani9100731
https://doi.org/10.3389/fv
https://doi.org/10.1002/vetr.5922
https://doi.org/10.1002/vetr.70390
https://doi.org/10.22092/ARI.2022.359922.251
https://doi.org/10.5713/ajas.18.0489
https://doi.org/10.1111/avj.13430
https://doi.org/10.3168/jds.2007-0295
https://doi.org/10.1079/BJN19770026

Leury, B. J., Bird, A. R., Chandler, K. D., & Bell, A. W. (1990). Glucose partitioning in the pregnant
ewe: Effects of undernutrition and exercise. British Journal of Nutrition, 64(2), 449—462.

https://doi.org/10.1079/BJN19900045

Las, J. E., Odongo, N. E., Lindinger, M. L., AlZahal, O., Shoveller, A. K., Matthews, J. C., &
McBride, B. W. (2007). Effects of dietary strong acid anion challenge on regulation of acid-
base balance in sheep. Journal of Animal Science, 85(9), 2222-2229.
https://doi.org/10.2527/jas.2007-0036

Lemosquet, S., Delamaire, E., Lapierre, H., Blum, J., & Peyraud, J. (2009). Effects of glucose,
propionic acid, and nonessential amino acids on glucose metabolism and milk yield in
Holstein dairy cows. Journal of Dairy Science, 92(7), 3244-3257.
https://doi.org/10.3168/jds.2008-1610

Lettat, A., Noziere, P., Silberberg, M., Morgavi, D. P., Berger, C., & Martin, C. (2010). Experimental
feed induction of ruminal lactic, propionic, or butyric acidosis in sheep. Journal of Animal

Science, 88(9), 3041-3046. https://doi.org/10.2527/jas.2010-2926

Liu, J., Li, H., Zhu, W., & Mao, S. (2019). Dynamic changes in rumen fermentation and bacterial
community following rumen fluid transplantation in a sheep model of rumen acidosis:
Implications for rumen health in ruminants. FASEB Journal, 33(7), 8453—-8467.
https://doi.org/10.1096/1].201802456R

Liu, X., Sha, Y., Dingkao, R., Zhang, W., Lv, W., Wei, H., Liang, S., & Shi, H. (2020). Interactions
between rumen microbes, VFAs, and host genes regulate nutrient absorption and epithelial
barrier function during cold season nutritional stress in Tibetan sheep. Frontiers in

Microbiology, 11, 593062. https://doi.org/10.3389/fmicb.2020.593062

Lomax, M. A., Baird, G. D., Mallinson, C. B., & Symonds, H. W. (1979). Differences between
lactating and non-lactating dairy cows in concentration and secretion rate of insulin.

Biochemical Journal, 180(2), 281-289. https://doi.org/10.1042/bj1800281

Lunesu, M. F., Atzori, A. S., Manca, C., Bomboi, G. C., Decandia, M., Ledda, A., & Cannas, A.
(2023). Effect of glucose infusion on glucose and insulin metabolism in early- and mid-
lactation ewes and goats fed diets differing in starch and highly digestible fiber concentration.

Journal of Dairy Science, 106(12), 9691-9703. https://doi.org/10.3168/jds.2023-23225

Lynch, G. P., & Jackson, C. (1983). A method for assessing the nutritional status of gestational ewes.
Canadian Journal of Animal Science, 63(3), 603—611. https://doi.org/10.4141/cjas83-068

52


https://doi.org/10.1079/BJN19900045
https://doi.org/10.2527/jas.2007-0036
https://doi.org/10.3168/jds.2008-1610
https://doi.org/10.2527/jas.2010-2926
https://doi.org/10.1096/fj.201802456R
https://doi.org/10.3389/fmicb.2020.593062
https://doi.org/10.1042/bj1800281
https://doi.org/10.3168/jds.2023-23225
https://doi.org/10.4141/cjas83-068

Marini, D., Pippia, J., Colditz, I. G., Hinch, G. N., Petherick, J. C., & Lee, C. (2016). Palatability and
pharmacokinetics of flunixin when administered to sheep through feed. Peer.J, 4, e1800.

https://doi.org/10.7717 /peerj.1800

Marteniuk, J. V., & Herdt, T. H. (1988). Pregnancy toxemia and ketosis of ewes and does. Veterinary
Clinics of North America: Food Animal Practice, 4(2), 307-315.
https://doi.org/10.1016/S0749-0720

Martin-Alonso, M. J., Escalera-Valente, F., Cal-Pereyra, L. G., Benech, A., Alonso, M. P., &
Gonzalez-Montaiia, J. R. (2019a). Energetic metabolism in fasting sheep: Regularization of
metabolic profile by treatment with oral glucose, with prior handling of gastric groove.

Revista Brasileira de Zootecnia, 48. https://doi.org/10.1590/rbz4820180290

Martin-Alonso, M. J., Cal-Pereyra, L., Fernandez-Caso, M., & Gonzalez-Montaiia, J. (2019b).
Anatomy, physiology, manipulation and veterinary applications of the reticular groove.
Revista Mexicana de Ciencias Pecuarias, 10(3), 729-755.
https://doi.org/10.22319/rmep.v10i3.4453

Makela, B., Recktenwald, E., Alves, F. C., Ehrhardt, R., & Veiga-Lopez, A. (2022). Effect of pre-
conceptional nutrition and season on fetal growth during early pregnancy in

sheep. Theriogenology, 190, 22-31. https://doi.org/10.1016/j.theriogenology.2022.07.011

McGregor, H., Abbott, K. A., & Whittington, R. J. (2015). Effects of Mycobacterium avium subsp.
paratuberculosis infection on serum biochemistry, body weight and wool growth in Merino
sheep: A longitudinal study. Small Ruminant Research, 125, 146—153.
https://doi.org/10.1016/j.smallrumres.2015.02.004

Mikhail, M., Brugere, H., Le Bars, H., & Colvin, H. W. (1988). Stimulated esophageal groove closure
in adult goats. American Journal of Veterinary Research, 49(10), 1713-1715.

Millen, D. D., De Beni Arrigoni, M., & Lauritano Pacheco, R. D. (2016). Rumenology (1st ed.).
Springer International Publishing. https://doi.org/10.1007/978-3-319-30533-2

Minami, N. S., Sousa, R. S., Oliveira, F. L. C., Dias, M. R. B., Cassiano, D. A., Mori, C. S., Headley,
S. A., & Gomes, V. (2020). Subacute ruminal acidosis in Zebu cattle: Clinical and behavioral

aspects. Animals, 11(1), 21. https://doi.org/10.3390/ani11010021

53


https://doi.org/10.7717/peerj.1800
https://doi.org/10.1016/S0749-0720
https://doi.org/10.1590/rbz4820180290
https://doi.org/10.22319/rmcp.v10i3.4453
https://doi.org/10.1016/j.theriogenology.2022.07.011
https://doi.org/10.1007/978-3-319-30533-2
https://doi.org/10.3390/ani11010021

Moallem, U., Rozov, A., Gootwine, E., & Honig, H. (2012). Plasma concentrations of key metabolites
and insulin in late-pregnant ewes carrying one to five fetuses. Journal of Animal Science,

90(1), 318-324. https://doi.org/10.2527/jas.2011-3905

Mohammadi, V., Anassori, E., & Jafari, S. (2016). Measure of energy related biochemical metabolites
changes during peri-partum period in Makouei breed sheep. Veterinary Research Forum,

7(1), 35-39.

Mongini, A., & Van Saun, R. J. (2023). Pregnancy toxemia in sheep and goats. Veterinary Clinics of
North America: Food Animal Practice, 39(2), 275-291.
https://doi.org/10.1016/j.cvfa.2023.02.010

Monnig, H. (1935). Studies on the alimentary tract of the Merino sheep in South Africa. II.
Investigations on the physiology of deglutition. Onderstepoort Journal of Veterinary
Research, 5(2), 485-499.

Newhook, J., & Titchen, D. (1976). Cineradiography of the reticular groove mechanism. Australian
Veterinary Journal, 52(3), 132—135. https://doi.org/10.1111/].1751-0813.1976.tb05447.x

Obonyo, N. G., Raman, S., Suen, J. Y., Peters, K. M., Phan, M.-D., Passmore, M. R., Cole, J. M., Hii,
C.S. T, & Fraser, J. F. (2024). An ovine septic shock model of live bacterial infusion.
Intensive Care Medicine Experimental, 12(1), 94—120. https://doi.org/10.1186/s40635-024-
00684-x

Oetzel, G. R. (2000). Clinical aspects of ruminal acidosis in dairy cattle. Proceedings of the American
Association of Bovine Practitioners, 33, 46—53 https://doi.org/10.21423/aabppro20005359

Orskov, E. R., & Benzin, D. (1969). Studies on the oesophageal groove reflex in sheep and on the
potential use of the groove to prevent the fermentation of food in the rumen. British Journal

of Nutrition, 23(2), 415—-420. https://doi.org/10.1079/bjn19690048

Osman, O. A., Elkhair, N. M., & Abdoun, K. A. (2020). Effects of dietary supplementation with
different concentration of molasses on growth performance, blood metabolites and rumen
fermentation indices of Nubian goats. BMC Veterinary Research, 16(1), 411.
https://doi.org/10.1186/s12917-020-02636-5

Oztiirk, M. M. N. (2023). Current energy and lipid metabolism biomarkers in sheep with subclinical
and clinical pregnancy toxemia. Medycyna Weterynaryjna, 79(3), 123—-129.
https://doi.org/10.21521/mw.6733

54


https://doi.org/10.2527/jas.2011-3905
https://doi.org/10.1016/j.cvfa.2023.02.010
https://doi.org/10.1111/j.1751-0813.1976.tb05447.x
https://doi.org/10.1186/s40635-024-00684-x
https://doi.org/10.1186/s40635-024-00684-x
https://doi.org/10.21423/aabppro20005359
https://doi.org/10.1079/bjn19690048
https://doi.org/10.1186/s12917-020-02636-5
https://doi.org/10.21521/mw.6733

Palma-Hidalgo, J., Belanche, A., Jiménez, E., Martin-Garcia, A., Newbold, C., & Yafez-Ruiz, D.
(2021). Short communication: Saliva and salivary components affect goat rumen fermentation
in short-term batch incubations. Animal, 15(7), 100267.
https://doi.org/10.1016/j.animal.2021.100267

Panousis, N., Brozos, C., Karagiannis, I., Giadinis, N. D., Lafi, S., & Kritsepi-Konstantinou, M.
(2012). Evaluation of Precision Xceed® meter for on-site monitoring of blood -
hydroxybutyric acid and glucose concentrations in dairy sheep. Research in Veterinary

Science, 93(1), 435-439. https://doi.org/10.1016/].rvsc.2011.06.019

Passmore, M. R., Byrne, L., Obonyo, N. G., See Hoe, L. E., Boon, A. C., Diab, S. D., McDonald, C.
L., Suen, J. Y., Fraser, J. F., & Dunster, K. R. (2018). Inflammation and lung injury in an
ovine model of fluid resuscitated endotoxemic shock. Respiratory Research, 19(1), 231.

https://doi.org/10.1186/s12931-018-0935-4

Pethick, D., Lindsay, D., Barker, P. J., & Northrop, A. (1983). The metabolism of circulating non-
esterified fatty acids by the whole animal, hind-limb muscle and uterus of pregnant ewes.

British Journal of Nutrition, 49(1), 129—143. https://doi.org/10.1079/BJN19830018

Pichler, M., Damberger, A., Schwendenwein, ., Gasteiner, J., Drillich, M., & Iwersen, M. (2014).
Thresholds of whole-blood B-hydroxybutyrate and glucose concentrations measured with an
electronic hand-held device to identify ovine hyperketonemia. Journal of Dairy Science,

97(3), 1388—-1399. https://doi.org/10.3168/jds.2013-7169

Prichard, R. K., & Hennessy, D. R. (1981). Effect of oesophageal groove closure on the
pharmacokinetic behaviour and efficacy of oxfendazole in sheep. Research in Veterinary

Science, 30(1), 22-27. https://doi.org/10.1016/S0034-5288(18)32601-8

Ratanapob, N., VanLeeuwen, J., McKenna, S., Wichtel, M., Rodriguez-Lecompte, J. C., Menzies, P.,
Kelton, D., & Keefe, G. (2018). The association of serum B-hydroxybutyrate concentration
with fetal number and health indicators in late-gestation ewes in commercial meat flocks in
Prince Edward Island. Preventative Veterinary Medicine, 154, 18-22.
https://doi.org/10.1016/j.prevetmed.2018.03.009

R Core Team. (2025). R: A language and environment for statistical computing (Version 4.5.3)

[Computer software]. R Foundation for Statistical Computing. https://www.r-project.org/

55


https://doi.org/10.1016/j.animal.2021.100267
https://doi.org/10.1016/j.rvsc.2011.06.019
https://doi.org/10.1186/s12931-018-0935-4
https://doi.org/10.1079/BJN19830018
https://doi.org/10.3168/jds.2013-7169
https://doi.org/10.1016/S0034-5288(18)32601-8
https://doi.org/10.1016/j.prevetmed.2018.03.009
https://www.r-project.org/

Regnault, T. R., Oddy, V. H., Nancarrow, C., Sriskandarajah, N., & Scaramuzzi, R. J. (2004).
Glucose-stimulated insulin response in pregnant sheep following acute suppression of plasma
non-esterified fatty acid concentrations. Reproductive Biology and Endocrinology, 2(1), 64.
https://doi.org/10.1186/1477-7827-2-64

Ruckebusch, Y. (1989). Gastrointestinal motor functions in ruminants. Comprehensive Physiology,

1989(12816), 1225-1282. https://doi.org/10.1002/].2040-4603.1989.tb01320.x

Sandoval, V., Martinez, A., Felice, M., Homse, L., Colque-Caro, L. A., Medina Vallejo, D. M. N.,
Avellaneda-Caceres, A., Aguirre, L. S., & Micheloud, J. F. (2026). Pregnancy toxemia in
goats and sheep in Argentina: Epidemiology, pathogenesis, and regional insights. Revista

Veterinaria, 37, 1-5. https://doi.org/10.30972/vet.3719100

Sargison, N., Stafford, K., & West, D. (1999). Fluoroscopic studies of the stimulatory effects of
copper sulphate and cobalt sulphate on the oesophageal groove of sheep. Small Ruminant

Research, 32(1), 61-67. https://doi.org/10.1016/S0921-4488(98)00162-X

Sargison, N. D. (2007). Pregnancy toxemia. In I. D. Aitken (Ed.), Diseases of sheep (4th ed., pp. 359—
363). Wiley-Blackwell.

Schlumbohm, C., & Harmeyer, J. (2003). Hypocalcemia reduces endogenous glucose production in
hyperketonemic sheep. Journal of Dairy Science, 86(6), 1953—1962.
https://doi.org/10.3168/jds.S0022-0302(03)73783-7

Schlumbohm, C., & Harmeyer, J. (2004). Hyperketonemia impairs glucose metabolism in pregnant
and nonpregnant ewes. Journal of Dairy Science, 87(2), 350-358.
https://doi.org/10.3168/jds.S0022-0302(04)73174-4

Scott, P. R., Sargison, N. D., Penny, C. D., Pirie, R. S., & Kelly, J. M. (1995a). Cerebrospinal fluid
and plasma glucose concentrations of ovine pregnancy toxaemia cases, inappetant ewes and
normal ewes during late gestation. British Veterinary Journal, 151(1), 39—-44.
https://doi.org/10.1016/S0007-1935(05)80063-6

Scott, P. R., Sargison, N. D., Penny, C. D., & Strachan, W. D. (1995b). Aqueous humour and
cerebrospinal fluid collected at necropsy as indicators of ante mortem serum 3-OH butyrate
concentration in pregnant sheep. British Veterinary Journal, 151(4), 459-461.
https://doi.org/10.1016/S0007-1935(95)80135-9

56


https://doi.org/10.1186/1477-7827-2-64
https://doi.org/10.1002/j.2040-4603.1989.tb01320.x
https://doi.org/10.30972/vet.3719100
https://doi.org/10.1016/S0921-4488(98)00162-X
https://doi.org/10.3168/jds.S0022-0302(03)73783-7
https://doi.org/10.3168/jds.S0022-0302(04)73174-4
https://doi.org/10.1016/S0007-1935(05)80063-6
https://doi.org/10.1016/S0007-1935(95)80135-9

Shorten, P. R., Pleasants, A. B., Buckels, E. J., Jaquiery, A. L., Boston, R. C., & Alsweiler, J. M.
(2016). Determining insulin sensitivity from glucose tolerance tests in sheep. Journal of

Animal Science, 94(9), 3711-3721. https://doi.org/10.2527/jas.2016-0521

Simdes, P., Bexiga, R., Lamas, L., & Lima, M. (2020). Pregnancy toxaemia in small ruminants. In
Advances in animal health, medicine and production (pp. 541-556). Springer.
https://doi.org/10.1007/978-3-030-61981-7 30

Smith, B., Reynolds, G., & Embling, P. (1977). Zinc solutions and closure of the reticular groove in
sheep. New Zealand Journal of Experimental Agriculture, 5,261-263.
https://doi.org/10.1080/03015521.1977.10425977

Souto, R. J., Afonso, J. A., Mendonga, C. L., Dantas, A. F., Cajueiro, J. F., Gongalves, D. N., Oliveira
Filho, E. F., & Soares, P. C. (2019). Biochemical, endocrine, and histopathological profile of
liver and kidneys of sheep with pregnancy toxemia. Pesquisa Veterinaria Brasileira, 39(10),

780—788. https://doi.org/10.1590/1678-5150-pvb-6400

Tharwat, M., Alkheraif, A. A., & Marzok, M. (2024). Pregnancy toxemia in small ruminants: clinical,
sonographic, hematobiochemical and pathologic findings. International Journal of Veterinary

Science, 14(1), 204-211. https://doi.org/10.47278/journal.ijvs/2024.222

Tsiamitas, C., & Brikas, P. (1981). Forestomach motility in adult sheep when reticular groove closure
is provoked by copper sulphate solution. Annales De Recherches Veterinaires, 12(2), 117—
121.

Tufani, N. A., Makhdoomi, D. M., & Hafiz, A. (2013). Rumen acidosis in small ruminants and its

therapeutic management. lranian Journal of Applied Animal Science, 3(1), 19-24.

Turgut, A. O., Kiiciik, M., Irmak, M., Ozcan, C., Koca, D., Giilendag, E., Karatas, A., & Kirbas, A.
(2025). Subclinical pregnancy toxemia affects blood parameters of ewes and impairs

postnatal growth and development of lambs. Veterinary Medicine and Science, 11(3), €70259.
https://doi.org/10.1002/vms3.70259

Van Rijt, W. J., Van Hove, J. L. K., Vaz, F. M., Havinga, R., Allersma, D. P., Zijp, T. R., Wolters, J.
C., Kluijtmans, L. A. J., van der Ham, M., & Bakker, B. M. (2021). Enantiomer-specific
pharmacokinetics of D, L-3-hydroxybutyrate: Implications for the treatment of multiple acyl-
CoA dehydrogenase deficiency. Journal of Inherited Metabolic Disease, 44(4), 926-938.
https://doi.org/10.1002/jimd.12365

57


https://doi.org/10.2527/jas.2016-0521
https://doi.org/10.1007/978-3-030-61981-7_30
https://doi.org/10.1080/03015521.1977.10425977
https://doi.org/10.1590/1678-5150-pvb-6400
https://doi.org/10.47278/journal.ijvs/2024.222
https://doi.org/10.1002/vms3.70259
https://doi.org/10.1002/jimd.12365

Van Saun, R. (2000). Pregnancy toxemia in a flock of sheep. Journal of the American Veterinary
Medical Association, 217, 1536-1539. https://doi.org/10.2460/javma.2000.217.1536

Vasava, P. R,, Jani, R. G., Goswami, H. V., Rathwa, S. D., & Tandel, F. B. (2016). Studies on clinical
signs and biochemical alteration in pregnancy toxemic goats. Veterinary World, 9(8), 869—

874. https://doi.org/10.14202/vetworld.2016.869-874

Vijayanand, V., Balagangatharathilagar, M., Gnanaraj, P. T., & Vairamuthu, S. (2022). Diagnostic
indicators and therapeutic evaluation of pregnancy toxaemia in goats. Indian Journal of

Animal Research, 56(4), 451-459. https://doi.org/10.18805/1JAR.B-4456

Wang, Z., Chen, P., Liang, Y., Wang, F., & Zhang, Y. (2024). Negative energy balance affects
perinatal ewe performance, rumen morphology, rumen flora structure, and placental function.
Journal of Animal Physiology and Animal Nutrition, 108(6), 1747-1760.
https://doi.org/10.1111/jpn.14009

Wallace, J. M., Bourke, D. A., Aitken, R. P., Milne, J. S., & Hay, W. W. (2002). Placental glucose
transport in growth-restricted pregnancies induced by overnourishing adolescent sheep. The

Journal of Physiology, 547(1), 85-94. https://doi.org/10.1113/jphysiol.2002.023333

Watson, R. (1941). Studies on deglutition in sheep: Observations on the course taken by liquids
through the stomach of the sheep at various ages from birth to four years. Australian

Veterinary Journal, 17, 52-58.

Xie, X., Wang, J. K., Liu, J. X., Guan, L. L., & Neves, A. L. A. (2025). Temporal microbial
colonization on different forages is driven by the rumen environmental conditions. Animal

Microbiome, 7(1), 46. https://doi.org/10.1186/s42523-025-00407-x

Xue, Y. F., Guo, C. Z., Hu, F., Sun, D. M,, Liu, J. H., & Mao, S. Y. (2019). Molecular mechanisms of
lipid metabolism disorder in livers of ewes with pregnancy toxemia. Animal, 13(5), 992-999.

https://doi.org/10.1017/S1751731118002136

Yarim, G. F., Karahan, S., & Nisbet, C. (2007). Elevated plasma levels of interleukin 1 beta, tumour
necrosis factor alpha and monocyte chemotactic protein-1 are associated with pregnancy
toxaemia in ewes. Veterinary Research Communications, 31(5), 565-573.

https://doi.org/10.1007/s11259-007-3551-1

Zamir, S., Rozov, A., & Gootwine, E. (2009). Treatment of pregnancy toxaemia in sheep with
flunixin meglumine. Veterinary Record, 165(9), 265. https://doi.org/10.1136/vr.165.9.265

58


https://doi.org/10.2460/javma.2000.217.1536
https://doi.org/10.14202/vetworld.2016.869-874
https://doi.org/10.18805/IJAR.B-4456
https://doi.org/10.1111/jpn.14009
https://doi.org/10.1113/jphysiol.2002.023333
https://doi.org/10.1186/s42523-025-00407-x
https://doi.org/10.1017/S1751731118002136
https://doi.org/10.1007/s11259-007-3551-1
https://doi.org/10.1136/vr.165.9.265

Zein-Eldin, M. M., Ghanem, M. M., Abd El-Raof, Y. M., El-Attar, H. M., & El-Khaiat, H. M. (2014).
Clinical, haematobiochemical and ruminal changes during the onset and recovery of induced

lactic acidosis in sheep. Biotechnology in Animal Husbandry, 30(4), 647-659.

59



	List of Figures
	Declaration
	Abstract
	Acknowledgements
	Glossary of Acronyms
	Chapter 1: Literature Review
	1.1 Introduction
	1.2 Pathophysiology of pregnancy toxaemia
	1.2.1 Negative energy status and glucose dysregulation
	1.2.2 Risk factors
	1.2.3 Clinical manifestations of pregnancy toxaemia
	1.2.4 Alternative methods for detecting pregnancy toxaemia
	1.2.5 Sequelae to pregnancy toxaemia

	1.3 Rumen function and glucose metabolism in pregnancy
	1.3.1 The role of the rumen in nutrition
	1.3.2 Endocrine adaptations in late gestation

	1.4 Current treatment strategies
	1.4.1 Enteral treatment options
	1.4.2 Alternative treatment options

	1.5 Oesophageal groove influence on treatment
	1.5.1 Anatomy and physiology of the oesophageal groove
	1.5.2 Agents that induce closure of the oesophageal groove

	1.6 Research objective

	Chapter 2: Materials and Methods
	2.1 Experimental design and animal preparation
	2.2 Treatment administration
	2.3 Blood collection and analysis
	2.3.1 Insulin assay
	2.3.2 Glucose assay
	2.3.3 Blood gas analysis

	2.4 Ruminal fluid sampling and analysis
	2.4.1 Ruminal fluid pH
	Measurement of ruminal fluid pH was taken within 5 min post sampling to avoid shifts in pH due to changes in temperature or ion activity. The ruminal fluid was gently agitated, the pH and temperature of the sample was first measured and recorded using...
	2.4.1.1 pH Meter calibration


	2.5 Post-trial animal care
	2.6 Statistical analysis

	Chapter 3: Results
	3.1 Rumen pH
	3.2 Blood parameters
	3.2.1 Glucose concentrations
	3.2.2 Insulin concentrations
	3.2.3 Blood electrolytes
	3.4 Other variables


	Chapter 4: Discussion
	2.1 Limitations and future research
	2.2 Conclusion

	Chapter 5: References

