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Abstract
Ruminants, as well as other livestock, can synthesize vitamin C (VC) in their liver, and therefore, dietary requirements 
from exogenous supplementation are often ignored. However, metabolic demand may be exceeded, leading to a decreased 
endogenous synthetic capacity of VC following exposure to stressful conditions. Such conditions include high thermal load, 
limited water intake (induced by water scarcity), physiological status and infectious diseases. The obvious consequences are 
decreased performance, susceptibility to infections and increased mortality. This review discusses the potential role of vitamin 
C in ruminants’ stress management and summarizes the in vitro and in vivo research to date. The different administration 
routes, comparative advantages and supplementation outcomes on growth, production parameters and physiological status 
were also identified. Also, areas where there was a lack of evidence or controversy, including critical literature research gaps, 
were identified, while the mechanism of VC’s actions on significant outcomes was explained.
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Introduction

Domestic animals have been continuously exposed to vari‑
ous unfavourable physical or psychological stressors, and 
the welfare of domestic animals during such episodes is of 
significant interest (Kumar et al. 2012). This continuous 
exposure to such stressful conditions, including heat, cold, 
handling, transportation, diseases and introduction to a new 
flock, disrupt the usual internal milieu, leading to a new 
adaptation that is perceived to be damaging to the animal 
(Asres and Amha 2014). Furthermore, it is a common factor 
responsible for various physiological alterations in the body 
that indirectly alter the immune system through the genera‑
tion of metabolic radicals (reactive oxygen species [ROS]), 
which impair productivity, fertility as well as immunity and 
cause economic losses to the farmer (Kumar et al. 2012). It 
is believed that during stress, the body’s natural antioxidants 

get overwhelmed, and their capacity to cope with the elimi‑
nation of excess free radicals or ROS reduced, thus exposing 
the cell to harmful effects of ROS (Kurutas 2016).

Animals get exposed to various kinds of stressors: envi‑
ronmental (extreme heat and cold), physical (handling or 
transportation), nutritional (feed or water shortages), chem‑
ical (toxin, pathogen or disease), psychological (fear or 
restrain) and physiological (pregnancy or lactation). Heat 
stress, when combined with limited water intake (water 
stress) in livestock, appears to be a vital stressor, especially 
in the tropical, subtropical (Nardone et al. 2010), arid and 
semiarid (Akinmoladun et al. 2019; Mpendulo et al. 2020) 
regions of the world. Ruminants, especially those reared in 
hot tropical environments, are usually exposed to more than 
one stress at a time. In such cases, the challenges are simul‑
taneous, and the cumulative impact is more severe, unlike 
when they occur individually (Chaidanya et al. 2017). The 
coping mechanisms to stressors vary with animal species, 
nature of stressful stimuli, the genotype in the same spe‑
cies, nutritional status, duration and time of exposure and the 
animal’s physiological stage (Novais et al. 2017). Increased 
respiration rate, sweating, vasodilatation, reduced metabolic 
rate, decreased feed intake and utilization and alteration of 
water balance are some of the observed responses in live‑
stock under stress (Akinmoladun et al. 2019). Stress com‑
promises an embryo’s ovarian function and development and 
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redistributes body resources, including energy and protein, 
thus decreasing fertility, performance and animals’ wellbe‑
ing (Kandemir et al. 2013). Given the preceding, the most 
required is an antioxidant therapy that may retard cortisol 
production (the primary stress hormone), detoxify ROS and 
enhance the animal’s immunity. Such antioxidants may be 
incorporated as a reliable management practice option for 
mitigating the adverse effects of stress in animals (Urban‑
Chmiel et al. 2009).

L‑ascorbic acid and vitamin C (VC) are essential nutri‑
ents for only a few species (e.g. humans and guinea pigs) 
without a vitamin’s synthetic ability due to an enzyme defi‑
ciency. This enzyme (L‑gulonolactone oxidase) is respon‑
sible and necessary for transforming glucose into vitamin 
C during the last biosynthetic pathway. However, mammals 
(ruminants, swine, dogs, horses, cats), including marsupials, 
can synthesize VC from glucose in the liver or the kidney 
(Combs Jr. 2008). Supplementation of VC was, therefore, 
not a dietary requirement in animals that can synthesize it. 
Unfortunately, plasma ascorbic acid concentration report‑
edly decreases during stress and disease conditions in ani‑
mals (Kim et al. 2012). In such situations, it is possible that 
the endogenous synthesis of the vitamin has ended or could 
be due to increased demand or a combination of both. Nev‑
ertheless, the significant improvements usually recorded fol‑
lowing supplementations suggested VC deficiency during 
stress and compromised health status (Ranjan et al. 2012; 
Khalid et al. 2016).

The ameliorative potentials of ascorbic acid on stressful 
stimuli are considered non‑depressive, safer and more prac‑
ticable. It is also cheap, readily available, non‑toxic, easily 
administered and absorbed quickly, devoid of the withdrawal 
period and without consequential effect at very high doses 
in vivo (Seifi et al. 2010). This stress alleviating potential of 
VC owes its mechanism of action not only to the scaveng‑
ing of ROS and other oxidative radicals but also its ability 
to potentiate α‑aminobutyric acid (GABA) (Brikas 1994), 
which helps to retard the release of prolactin and cortisol 
usually implicated in splenic contraction and cellular dam‑
age (Minka and Ayo 2010). The immunomodulatory and 
anti‑inflammatory attributes of VC, based on cell culture 
models and animal studies, involve their roles at supporting 
natural killer cell activity, immune response, production of 
proteins (interferons) that protect cells against viral attack 
as well as positive chemotactic and proliferative responses 
of neutrophils (Wu et al. 2000). VC is also involved in the 
expression of genes by T cell on activities ranging from 
signalling, apoptosis, carbohydrate metabolism to tran‑
scription (Grant et al. 2007). In addition, cellular functions 
including delayed‑type hypersensitivity responses, synthe‑
sis of humoral thymus factor and antibodies of the IgG and 
IgM classes were also reported to be affected by VC status 
(Combs Jr. and McClung, 2017).

Some studies on stress‑simulated oxidative damage con‑
cerning vitamin C have been shrouded with controversy and 
sometimes inconclusive. However, there is reasonable evi‑
dence and body of knowledge supporting the use of VC as an 
anti‑stress (Minka and Ayo 2010; Akinmoladun et al. 2020a; 
Akinmoladun et al. 2020b). This paper discusses the various 
physiological and performance indices in stressed ruminants 
modulated by vitamin C, route of administration differences, 
its mechanism of action and future research gap.

Antioxidant potentials of vitamin C

Ascorbic acid (VC) is a non‑enzymatic and water‑soluble 
antioxidant in plasma and tissues. Ascorbic acid functions 
as an antioxidant by easily losing electrons in a reversible 
monovalent biochemical redox system. By undergoing 
single‑electron oxidation, ascorbate reacts with free radi‑
cals to yield a relatively poorly reactive intermediate, the 
ascorbyl radical, which disproportionates to ascorbate and 
dehydroascorbic acid. In this way, ascorbate can reduce toxic 
ROS  (O2

−, OH,  RO2) and RNS  (NO2). These reactions are 
of fundamental importance in all aerobic cells (Combs Jr. 
and McClung, 2017). Coupled with reduced glutathione, 
tocopherols and other antioxidants, VC protects cells, sup‑
ports the sparing of vitamin E, recycles α‑tocopherol and 
promotes non‑heme iron utilization (Chambial et al. 2013). 
It also ensures that appropriate oxidation states of enzyme‑
bound metals are maintained in the enzymatic biosynthesis 
of carnitine, collagen and non‑epinephrine (Tauler et al. 
2003). Through its antioxidant ability to donate free elec‑
trons (hydrogen molecules), VC ensures membrane integ‑
rity stability, limiting its susceptibility to lipid peroxida‑
tion (Bernabucci et al. 2002). In heat‑stressed animals, VC 
regulates oxygen consumption by increasing loss through a 
more efficient thermal exchange between the environment 
and the body or reducing heat load generated from metabolic 
activities within the body (Minka and Ayo 2012). Ascorbic 
acid is thought to improve humoral and cellular immunity 
and, thus, increases resistance to infection, defence mecha‑
nism and antioxidant status of the animal and reduce the 
detrimental effects of certain eicosanoids (Chambial et al. 
2013). Ruminants, especially young ones, are more vulner‑
able to cold stress and require increased plasma ascorbic 
acid concentration to confer immunity and protection (Carr 
and Maggini 2017). Sivakumar et al. (2010) reported that 
ascorbic acid prevents neonatal calve diarrhoea and scours. 
In addition to cortisol‑inhibition activities, VC actively par‑
ticipates in restricting and preventing free radical propaga‑
tion, thus protecting blood cells (lymphocytes and mono‑
cytes) from oxidative damage (Carr and Maggini 2017). The 
antioxidant potentials of VC in the management of stressful 
stimuli in ruminants (Ghanem et al. 2008; Akinmoladun 
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et al. 2020a, 2020b), monogastric (Minka and Ayo 2010) 
and even humans (Tauler et al. 2003) are well documented.

Biopotency, uptake and tissue distribution

Compounds showing the biological activity of ascorbic acid 
are also described as vitamin C. It is a six‑carbon ketol‑
actone structure whose biological activity depends on this 
6‑carbon lactone having a 2,3‑enediol structure. Thus, it is 
an effective quencher of free radicals such as singlet oxygen 
 (O2). It reduces ferric  (Fe3+) to ferrous  (Fe2+) iron (and other 
metals analogously). As a potent reducing agent, ascorbic 
acid is oxidized to dehydroascorbic acid via the radical 
intermediate semi‑hydroascorbic acid in a reversible redox 
system (Tu et al. 2017). Although there are several synthetic 
analogues of vitamin C, their relative biopotencies and bio‑
logical activity differ. For example, 6‑deoxy‑L‑ascorbic acid 
and several esters of ascorbic acid (e.g. 6‑deoxy‑6‑chloro‑
L‑ascorbic acid, ascorbyl‑6‑palmitate) have good biologi‑
cal activity, whereas others (e.g. L‑glucoascorbic acid) have 
little or no activity (Combs Jr. and McClung 2017). Higher 
animals can synthesize vitamin C via the glucuronic acid 
pathway (Fig. 1). In lower animal groups, including egg‑
laying mammals, reptiles and amphibians, the pathway’s 
enzyme is found in the kidney. In contrast, the enzyme 
is located in the liver in higher animal groups (mammals 
and passerine birds) (Chatterjee et al. 1975). The enzyme 
(L‑gulonolactone oxidase) is absent (evolutionary loss) in 
primates, humans, bats and some species of fish and birds. 
It, therefore, requires exogenous VC supplementation to 
meet dietary needs (Banhegyi et al. 1997). For vitamin C 
(ascorbic acid, ascorbate) to function as a vitamin, entry 
into cells is essential (Padayatty and Levine 2016). Simple 

diffusion across membranes cannot distribute VC across 
partitions because it is a sizeable polar molecule, charged 
at physiological pH, requiring transporters for cell entry (Li 
and Schellhorn 2007). Two distinct transport channels have 
been characterized: sodium‑dependent vitamin C transport‑
ers (SVCT1 and SVCT2) and hexose (glucose) transporters 
(GLUTs) (Corpe et al. 2013). The GLUTs channel first oxi‑
dizes ascorbates to dehydroascorbic acid (DHA) and gets 
reduced back to ascorbate within the cell as a form of ascor‑
bate recycling (May et al. 1995).

Although there is no stable reserve of vitamin C as 
excesses are quickly excreted, the leukocyte ascorbate con‑
centration provides an accurate measure of the vitamin at 
the tissue level (Mitmesser et al., 2016). Ruminants, due to 
their biosynthetic ability, may not require dietary VC sup‑
plementation. However, the liver’s synthetic capacity may 
not accommodate VC’s increased requirements in stress‑
ful situations such as road transportation, exposure to high 
ambient temperature, sub‑optimum water intake, diseases 
and exercise (Sivarkumar et al. 2010). Therefore, supple‑
mentation of VC to ruminants under conditions perceived to 
be stressful may provide a potentially necessary, cheap, non‑
toxic alternative treatment. The range of plasma ascorbate 
concentrations in ruminants is shown in Table 1.

Sources, forms and routes of VC 
administration in ruminants and their 
comparative advantage

Several means of exogenous supplementation of VC for 
ruminants have been worked upon in experimental trials. 
A significant challenge limiting the bioavailability of VC 
in tissues is the rapid destruction by ruminal microflora 

Fig. 1  Vitamin C biosynthesis
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and urinary excretion losses (Padilla et al. 2007). However, 
during low VC status, the amount excreted may be lim‑
ited (McDowell 2000). VC administration could be routed 
through the mouth (per os or oral) or parenteral (non‑oral). 
Forms of oral administration could be through drinking 
water (after dissolving the powder in water) (Akinmoladun 
et al. 2020a, 2020b), through feed as rumen‑protected VC 
(coating of VC with ethylcellulose or hydrogenated soy‑
bean oil) (Padilla et al. 2007) or fed directly (uncoated) as a 
dietary mixture (Kim et al. 2012). Parenteral administration 
could either be intravenous (Liu et al. 1994), intramuscular 
(Sonmez and Demirci 2003) or subcutaneous (Fazeli et al. 
2010). Examples of different sources and concentration 
range of VC used during ruminant feeding trial is shown in 
Table 2. Assessment of VC’s bioavailability in ruminants 
is primarily determined by the change in plasma ascorbic 
acid concentrations after supplementation. Studies have 
shown plasma ascorbic acid concentration to be higher in 
ruminants receiving coated VC or administered parenterally 
than ordinary powdered VC in drinking water or as a dietary 
mixture (Hidiroglou 1999). Comparing the potency of dif‑
ferent VC preparations such as powdered VC, VC coated 
with ethyl cellulose or silicon and ascorbyl‑2‑polyphosphate, 

Hidiroglou et al. (1997) observed a much‑increased plasma 
VC concentration in the VC‑silicon‑coated preparation com‑
pared to others. Also, direct supplementation via the abo‑
masum or intra‑duodenum increased plasma VC compared 
to oral (mouth) (Hidiroglou 1999). For a resource‑limited 
rural farmer, this might be a challenge giving the technical 
expertise required for intra‑duodenum/abomasum VC and 
other injectable VC administrations. Apart from reduced 
availability, the high cost of rumen‑protected VC might not 
be sustainable for low‑income‑based rural farmers. While 
studies comparing the effectiveness of different routes and 
forms of vitamin C supplementation in ruminants have been 
scanty, higher plasma ascorbate with respect to administra‑
tion routes does not seem to translate into much‑improved 
stress management. In a comparative study on the effective‑
ness of route of VC administration, Biobaku et al. (2018) 
observed that, despite higher plasma ascorbic acid concen‑
tration, the responses (cortisol, antioxidants and erythrocyte 
biomarkers) of 2 h transportation‑stressed Kalahari goats 
administered with VC (200 mg/kg) intramuscularly were 
similar to oral supplementation. There is a need for more 
studies on the safest and efficient route of administration that 
will produce the highest level of stress management.

Modulatory role of vitamin C in ruminants

Effect on vital signs and behavioural kinetics

The vital signs, especially rectal temperature (RT) and res‑
piratory rate (RR), provide a quick measure of the degree of 
stress imposed on animals. Under high thermal load, RR can 
assess heat stress, and the result is reported to correlate with 
corticoid concentration. Simultaneously, the pulse rate (PR) 
indicates the animal body’s homeostasis and general meta‑
bolic status (Kassab and Mohammed 2014). Usually, these 
physiological variables or vitals are raised when ruminants 

Table 1  Plasma ascorbate concentrations range of healthy ruminants

Ruminant type Range of plasma 
ascorbate concentrations 
(µg/L)

References

Cattle 2400–4700 Smith et al. (2009)
1500–3300 Haiying et al. (2003)
2670–4080 Padilla et al. (2007)

Buffalo 5300–5500 Chanda (1958)
Sheep 4670–4770 Mohamed et al. (2004)

1288–1438 Kassab and Mohammed 
(2014)

Goat 1750–1920 Sivakumar et al. (2010)

Table 2  Vitamin C sources and concentration range in ruminant feeding trial

a: Macleod et al. (1996); b: Tyler and Cummins (2003); c, d: Hidiroglou et al., 1997, 1999); e: Pliego‑Pliego et al. (2019); f: Padilla et al. (2007); 
g: Hashem et al. (2016); h: Akinmoladun et al. (2020b); i: Deters and Hansen (2020); j, k: Omontese et al. (2014, 2017)

Vitamin C sources Concentration range Ruminant type References

Ascorbyl‑2‑polyphosphate 0–80 g/d Dairy heifers a, b
Ascorbic acid coated with ethyl cellulose 0–35 g/d; 3–6 g/d Dairy heifers, sheep c, d, e,
Ascorbic acid coated with hydrogenated soybean oil 0–36 g/d Fattening beef cows f
Ascorbic acid coated with silicon 4 g/d Sheep e
Powdered ascorbic acid 0–5 g/d Sheep, goats e, g, h
Sodium ascorbate 4–5 g/d Sheep, Steer e, i
Rovimix STAY‑C (powder mixture of mono‑, di‑ and tri‑phos‑

phate esters of L‑ascorbic acid)
4 g/d sheep e

ECNU‑C (injectable vitamin C) 75–100 mg Sheep, goat j, k
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are exposed to unfavourable stressors and may impair the 
animal’s performance (Akinmoladun et al. 2019). An eleva‑
tion in the physiological variables (RT and PR) observed 
during road transportation decreased in goats (Nwunuji et al. 
2014) and sheep (Kassab and Mohammed 2014) following 
the administration of VC. During transportation, stress is 
usually imposed on the animal during handling, loading 
and the entire road transportation process, including vehi‑
cle, vibration, noise, water and food deprivation, change of 
environment and confinement (Minka and Ayo 2012). RR 
improved with VC treatment in water‑restricted Awassi ewes 
(Ghanem et al. 2008) and Xhosa goats (Akinmoladun et al. 
2020a). Based on documented reports, it is suggestive that 
vitamin C lessens stress by decreasing RR and RT (usu‑
ally elevated during stress) by directly altering thermal set 
points. These vitamins directly modulate the hypothalamic 
thermoregulatory activity and explain the observed outcome 
in stressed ruminants (Sivakumar et al. 2010). However, the 
adaptive nature and tolerance to stressful stimuli (e.g. heat 
stress) may sometimes cloud VC supplementation impact 
in small ruminants. For example, supplementation of VC to 
Rahmani ewes (Hashem et al. 2016) did not ameliorate the 
effect of heat stress on the various heat tolerance parameters 
measured. Following prolonged exposure, small ruminants 
develop specific heat tolerance mechanisms to reduce meta‑
bolic heat production by reducing feed intake and stretching 
the body to lose heat (Akinmoladun et al. 2019).

Skin thickness, an essential assessor of severe dehydra‑
tion, especially in calves (Atkinson 1992), could decrease 
following sustained exposure to stressors. Such a decrease 
could result from the high thermal load, suboptimal water 
intake during water scarcity or when animals are deprived 
of water during transportation from one location to another. 
Also, the thickness of the skin is affected by cellular sub‑
stances, collagen fibres and interstitial fluid content. These 
intrinsic features significantly influence the skin’s biophysi‑
cal properties including, elasticity, turgor and distensibility 
(Weller et al. 2008). Normal skin contains high concentra‑
tions of vitamin C, and an excessively oxidized environment, 
either from thermal load or otherwise, can deplete levels 
of VC below the threshold, thereby affecting its support‑
ing functions like the stimulation of collagen synthesis, free 
radical scavenging activities and modulation of cell signal‑
ling and epigenetic pathways (Pullar et al. 2017). However, 
there is a possibility of improvement with exogenous VC 
supplementation. According to Minka and Ayo (2012), 
the skin thickness of goats undergoing 12‑h transporta‑
tion stress was raised from 1.8 mm in control to 2.1 mm in 
the vitamin C‑treated groups. In an in vitro study, the cell 
signalling pathway attributes of vitamin C are reported to 
enhance the differentiation of epidermal keratinocytes cells 
with the markedly improved ultrastructural organization of 
the stratum corneum (Marks 2004). This stratum corneum 

is one of the four major components (other three; stratum 
spinosum, stratum granulosum and stratum lucidum) of the 
upper layer of the epidermis responsible for skin thickness 
(Marks 2004).

Exposure of ruminants to stressful stimuli increases the 
frequency of urination and the egestion of gut content. This 
stress‑induced bowel movement is attributed to increased 
intestinal motility and cortisol‑induced diuresis (Karl et al. 
2018). Nwe et al. (1996) alluded to the increased elimina‑
tion of urine and faeces from transportation stress to nerv‑
ousness or excitation. This stressful condition can further 
be heightened by suboptimal water intake and adverse 
climatic conditions, leading to dehydration (Popkin et al. 
2010). Under elevated temperature, Nejad and Sung (2017) 
reported increased sitting duration and decreased standing 
time when sheep were water‑deprived for 2 or 3 h after feed‑
ing. In the observation of Minka and Ayo (2012), the fae‑
cal water content and elimination behaviour were less in 
transported goats treated with VC. This indicates that VC 
can reduce the excitation of the nervous system associated 
with road transportation stressors. However, the behavioural 
dispositions during vehicular movements of goats, including 
fall, slip, kick aggression, jump and baulk, were not affected 
by vitamin C (Minka et al. 2009). The impact of VC on the 
behavioural kinetics of ruminants undergoing heat or water 
stress is unavailable when writing this review.

Effect on body weight and feed intake

During stress, anabolic activity decreases while tissue 
catabolism increases and both combine to affect growth 
performance. Decreased anabolism responds to decreased 
voluntary feed intake and essential nutrients, including 
vitamins and minerals, consequently leading to a loss in 
the production per unit of feed (Akinmoladun et al. 2019, 
2021). In addition to reduced feed intake, attempts to sustain 
the increased demand for energy result in high induction of 
free fatty acids and cholesterol from body fat reserves. The 
mobilized body fats are usually the cause of weight loss 
due to the loss of body solids. The severity of the stress‑
induced depression on body weight and feed intake in 
ruminants is heightened in regions where intense climatic 
stresses (high ambient temperature and humidity) are com‑
bined with feed limitations and insufficient water supply. 
For example, Osmanabadi goats had their feed intake and 
body weight reduced when exposed to either restricted feed 
or heat stress plus restricted feed (Chaidanya et al. 2017). 
Feed intake depression results when the nerve impulses to 
the appetite centre in the hypothalamus are suppressed fol‑
lowing stimulation by the peripheral thermal receptors. At 
the centre of this appetite regulation are two protein hor‑
mones, leptin and adiponectin, that are upregulated together 
with their receptors during heat stress (Morera et al. 2012). 
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While adiponectin modulates feeding behaviour, acting as a 
starvation signal, leptin reduces feed intake by stimulating 
the hypothalamus axis (Rabe et al. 2008; Hoyda et al. 2012). 
During cold stress, however, there is increased concentra‑
tions of circulating nonesterified fatty acid (NEFA) and 
plasma corticosteroids (catecholamines and glucocorticoids) 
as well as in vivo proinflammatory cytokine gene expression 
(Alvarez and Johnson 1973; Nonnecke et al. 2009), and their 
combine effect alter metabolism and activate transcription 
factors (Collier et al. 2017).

Stress, in general, usually results in the excessive genera‑
tion of free radicals and proinflammatory molecules. Such 
induced oxidative injury and inflammation are the bedrock 
of various metabolic disturbances, maladjustment and death 
(Srivastava and Kumar 2015). A depleted VC level often 
accompanies increased oxidative stress markers (e.g. lipid 
hydroperoxide) in ruminants (Kleczkowski et al. 2005), 
hence the need for exogenous supplementation. In an attempt 
to simulate water stress conditions traditionally experienced 
during the period of water scarcity and extreme drought, 
a 12‑d water restriction study was conducted by Ghanem 
et al. (2008) on Awassi ewes, and they reported a drop in 
final weight from 70.25 kg (ad libitum control) to 48.75 kg 
(restricted group). According to the authors, supplementa‑
tion of VC (2.5 g/d, dissolved in 12.5 mL of water) to each 
ewe raised the final weight to 55.5 kg. A similar weight 
loss reduction in a 75‑day water restriction study on Xhosa 
goats was reported following VC (3 g/d) supplementation 
(Akinmoladun et al., 2020a). Though the difference was not 
significant, supplementation of VC (125 mg/kg) to Farafra 
sheep before transportation reduced the weight loss from 
1.22 to 0.47 kg (Kassab and Mohammed 2014). Similarly, 
the final body weight and total feed intake of heat‑stressed 
ram lambs increased by 19.5% and 15.7%, respectively, fol‑
lowing a daily dose of vitamin C [45 mg/kg body weight] 
(Abd‑Allah and Zanouny 2014). Deters and Hansen (2020) 
intramuscularly injected ascorbic acid (6 g sodium ascorbate 
per steer) to some steers shortly before an 18‑h (1675 km) 
transit drive. According to the authors, after 75‑day post‑
transit, the final body weight, average daily gain and dry 
matter intake increased from 429 to 436 kg, 1.67 to 1.84 kg 
and 9.0 to 9.5 kg, respectively. The stress‑mediating mecha‑
nism of vitamin C in animals, leading to improved perfor‑
mance, is an indirect one. Apart from its antioxidant pro‑
tective role, VC (ascorbate) functions as a co‑substrate in 
collagen biosynthesis and remodeling (Archile‑Contreras 
and Purslow, 2011), and these are processes that support 
skeletal muscle hypertrophy by facilitating the migration 
of satellite cells (Nishimura et al. 2008). Though subject 
to further research, another potential explanation of growth 
response to supplemental VC may be due to its role as a 
cofactor in the enzymes involved in carnitine biosynthe‑
sis. During stress, there is increased lipolysis due to feed 

intake reduction and cortisol elevation. Carnitine, however, 
is essential for transporting fatty acids into the mitochondria 
for catabolism. Hence, an increased need for carnitine is pos‑
sible to utilize the much released fatty acid for growth and 
energy production (Deters and Hansen 2020).

Physiological response

Blood metabolites and immunomodulatory effect 
of vitamin C

Empirical observations have suggested an alteration in the 
host resistance following sustained exposure to stressful con‑
ditions. The consequence of prolonged exposure to stress is 
a decline in reactivity of immune cells as well as a higher 
incidence of infections, especially during summer (Dahl 
et al. 2020). According to Brown and Vosloo (2017), the 
elevated plasma concentrations of cortisol usually induced 
during heat stress have an immunosuppressant effect fol‑
lowed by a reduced response of lymphocytes to mitogens. 
The impact of stressors, including physiological status (preg‑
nancy/lactation), thermal load or otherwise, usually results 
in the production of superoxide radicals.

Interestingly, such low immune status is usually co‑
related with a depleted plasma VC concentration. Rejeb 
et al. (2016) reported a compromised immune system in 
dairy cows alongside a considerable reduction in plasma VC 
concentration when exposed to a high environmental tem‑
perature for a long time. However, supplementation effects 
of VC on immune response and blood metabolites have not 
been consistent. Administration of ascorbic acid (2 g/h/d) 
to heat‑stressed ram lambs during the summer season did 
not affect plasma total protein (TP), albumin (Alb), total 
cholesterol (TC) and calcium (Ca) concentrations. How‑
ever, the increased TP in water‑restricted Awassi ewes was 
lowered following VC (2.5 g/d) supplementation (Ghanem 
et al. 2008).

Similarly, concentrations of the liver enzymes (aspartate 
aminotransferase, AST and alanine aminotransferase, ALT) 
were lowered following VC supplementation (Abd‑Allah 
and Zanouny 2014). In addition, elevated serum electro‑
lytes (chloride, sodium, potassium, calcium and magnesium) 
in goats transported by road for 12 h (Ayo et al. 2009) or 
subjected to water restrictions (Akinmoladun et al. 2020a) 
were reduced following administration of VC. Despite these 
significant outcomes, Kim et al. (2012) reported increased 
albumin levels, creatinine and glucose in heat‑stressed grow‑
ing calves supplemented with VC. Aside from the elevated 
plasma cholesterol, VC failed to induce any significant 
change in blood biochemical indices in the summer heat‑
stressed Rahmani ewes (Hashem et al. 2016). The role of 
VC in energy balance, particularly during water stress, is still 
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shrouded in controversy. Due to its role in norepinephrine 
and carnitine formations, VC increases free fatty acid con‑
centration and transport across the mitochondrial membrane 
(Mahan et al. 2004). However, other authors have reported 
ascorbic acid to have a hypocholesterolemic effect when sup‑
plemented (Sahin et al. 2002; Yousef, 2004).

Psychological and physiological stress in ruminants 
constitutes a severe welfare concern. Usually, the released 
catecholamines during the alarm phase of stress are pre‑
sumed to be the primary cause of lymphopenia and neutro‑
philia (Stanger et al. 2005). The combined effects of high 
relative humidity and ambient temperature, together with 
the presumed release of elevated corticosteroids, decrease 
cytokines IL‑2 and reduce lymphocytes’ proliferation. 
Besides, lymphocytes cells become more vulnerable to 
apoptosis, contributing further to neutrophilia and lympho‑
penia (Dahl et al. 2020). Dietary supplementation of VC to 
heat‑stressed swampy buffaloes significantly increased the 
mean concentration values of packed cell volume (PCV), 
haemoglobin (Hb) and lymphocytes. At the same time, the 
neutrophil remained the same compared to the control (Kon‑
war et al. 2017). The administration of VC (100 mg/kg body 
weight) ameliorated the impact of stress from loading and 
transportation on the neutrophil, lymphocyte counts and 
neutrophil/lymphocyte ratio in goats (Minka and Ayo 2011). 
Similar enhancement of hematopoiesis in heat‑stressed 
Rahmani ewes (Hashem et al. 2016) and Brown Swiss bulls 
(Ecu et al. 2000) with VC has been reported. This signifi‑
cant outcome is attributable to VC’s ability to facilitate 
increased iron absorption and enhance the immune system. 
The combined effect of physical and emotional stress can 
elicit eosinopenia, and it is attributable to an increased surge 
of plasma adrenaline and cortisol (Minka and Ayo, 2011). 
The mechanism of decrease (where applicable) is unclear. 
Still, it is suspected to be caused by decreased release from 
bone marrow, intravascular lysis (steroid‑induced apoptosis 
of eosinophils), organs (spleen and liver), secludedness and 
increased tissue migration (Carter 2018). The depression in 
the eosinophils values in goats undergoing transportation 
stress remains unaffected in groups treated with VC (Minka 
and Ayo 2011).

Effect on plasma hormones and oxidative 
metabolites

Exposure to stress before slaughter may induce an exces‑
sive oxidative environment, significantly affecting feedlot 
performance, thus translating to producers’ losses (Duff 
and Galyean 2007; Akinmoladun et al. 2020b). The magni‑
tude of the stressors and the oxidizing environment in vivo 
are a function of the type, intensity and duration of stress‑
ors and the animal’s vulnerability to them (Ferguson et al. 
2001). The pre‑slaughter phase includes all activities and 

management practices during growth, including the period 
when the animal is transported to the abattoir. During this 
period, there is a tendency to expose the animals to a range 
of challenging stimuli, including transportation stress and 
changing climatic variables (Ibironke et al. 2010). For exam‑
ple, Chirase et al. (2004) reported decreased serum antioxi‑
dant capacity, increased serum malondialdehyde (MOD) and 
higher susceptibility to bovine respiratory disease as well 
as mortality in beef calves transported (over 3500 km) to 
the feedlot. However, the administration of VC (100 mg/
kg, i.m) to goats transported for 3.5 h reduced the MDA 
and superoxide dismutase (SOD) activities (Nwunuji et al. 
2014). Also, supplementation of VC (10 g/animal/d) to 
pregnant and heat‑stressed buffaloes during thermal stress 
reduced the mean superoxide dismutase (SOD) and catalase 
(CAT) activities (Ganaie et al. 2012). Thus, VC protects the 
body defence system and stabilizes animals’ health status by 
scavenging the excessive production of free radicals gener‑
ated during stress (Sivakumar et al. 2010). According to 
Belge et al. (2003), VC modulates the decrease in MDA 
concentration by removing the singlet oxygen, hydroperoxyl, 
superoxide, lipid peroxyl and lipid‑free radicals in animals 
subjected to stress.

During stress, ascorbic acid exerts its inhibitory effect on 
cortisol. In addition, it plays a vital role in thermoregulation 
by its activities as an inhibitory vitaminergic neurotransmit‑
ter in the hypothalamus (Karanth et al. 2000). Also, the high 
induction of serum prolactin concentration during heat stress 
is attributed to hypothalamic‑inhibitory stress response on 
peptides, which control prolactin secretion (Bernard et al. 
2019). According to Civen et al. (1980), an increase of 1% 
in the rate of ascorbic acid intake would result in a 27% and 
22% decrease of both plasma corticosterone and adrenal, 
respectively. Furthermore, studies indicated that the cortisol 
levels decreased significantly while the thyroid hormones 
(thyroxine  [T4] and triiodothyronine  [T3]) increased in heat‑
stressed swampy buffaloes (Konwar et al. 2017) and goats 
(Sivakumar et al. 2010; Akinmoladun et al. 2020b) follow‑
ing supplementation with VC. Contrarily, reported stud‑
ies in water‑stressed animals did not indicate a significant 
change in cortisol concentrations with VC supplementation 
(Ghanem et al. 2008; Parker et al. 2003). Also, VC failed to 
induce any significant difference in the cortisol of summer 
heat‑stressed growing calves (Kim et al. 2012). Therefore, 
the variations in the response of plasma cortisol content 
have been attributed to possible differences in VC supple‑
mented (Kim et al. 2012). Free radicals  (H2O2) generated 
during stress inhibit the catalytic synthesis of thyroid hor‑
mones through its scavenging role on the enzymes, thyrop‑
eroxidase and 5ʹ mono‑deiodinase, mediating the synthesis 
and conversion of  T4 to  T3 (Mancini et al. 2016). However, 
VC modulates the stress‑induced reduction of these hor‑
mones by protecting the above enzymes from free radicals. 
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Table 3 describes studies investigating the effect of vitamin 
C supplementation on plasma cortisol response in stressed 
animals.

Effect on reproduction

Due to its presence in ovaries, corpus luteum (CL) and fol‑
licular fluid (Das et al. 1993), VC hinders the apoptosis in 
murine cumulus oocyte and bovine granulosa cells (Murray 
et al. 2001) and reduces heat shock protein 70 (HSPA1A) 
and the levels of reactive oxygen species intracellularly (Cas‑
tillo‑Martin et al. 2014). However, plasma concentrations of 
antioxidants, especially VC, in ruminants are reported to 
decrease during stressful periods and at the beginning of 
ovarian cyclic activity and gestation (Salinas et al. 2017). 
This decrease may not be unconnected to the increased oxi‑
dative stress, usually resulting in gestation disorders, embry‑
opathies, abortions, pre‑eclampsia and low birth weights 
(Zhong and  Zhou 2013) that are sometimes encountered in 
ruminants. The induced oxidative stress implicated by the 
depletion of antioxidant vitamins is explained by the active 
steroidogenesis and cyclic activities of ovaries. These find‑
ings suggest that in vivo production of ascorbic acid alone 

in ruminants may not be sufficient to sustain and modulate 
the various physiological processes.

Given the established correlation between VC con‑
centrations in the corpus luteum and plasma progester‑
one levels as well as weights/diameters of corpora lutea 
(Serpek et al. 2001), it suffices to say VC affects repro‑
duction functions and the rate of steroid hormone syn‑
thesis. Supplementation of VC to summer heat‑stressed 
Rahmani ewes (Hashem et al. 2016) and hypoxic preg‑
nant sheep (Parraguez et al. 2011) resulted in an increased 
number of ovulatory follicles lambing rate, lamb weight 
and fecundity. Also, the quality of bovine follicles and 
their survival in vitro improves with ascorbic acid sup‑
plementation (Thomas et al. 2001). Pernes et al. (2016) 
demonstrated that VC supplementation could enhance 
nuclear maturation and oocyte development competence 
in vitro. Supplementation of ascorbic acid (100 µM) to 
heat‑stressed caprine cumulus oocyte complexes (incu‑
bated, 41 °C) for 24 h in vitro had an increased cumulus 
expansion (42.98% to 66.67%) and nuclear maturation 
(metaphase II stage; 40% to 60%) (Khanday et al. 2019). 
Similar improvement in nuclear maturation status and 
expansion of cumulus cells with VC inducing increased 
meiotic resumption of oocytes and higher proportions of 

Table 3  Studies investigating the effect of vitamin C supplementation on plasma cortisol response in stressed animal

NS: non‑significant; S: significant

Factor Treatment condition Species Route Rate Response References

Summer heat stress 150‑day exposure to 
heat stress (av. THI, 
78)

Swamp buffaloes Diet 0, 10 and 15 g/d 
(mixed with 100 g 
of feed)

S Konwar et al. (2017)

Heat stress 21‑day exposure to 
heat stress (40 °C, 
30%)

Black Bengal goats Oral 2 mg/d (dissolved in 
10 ml of water)

S Sivakumar et al. 
(2010)

Water stress 12‑day water restric‑
tion (1L of water 
per ewe on the  4th 
day and 3L of water 
per ewe on the  8th 
day

Awassi ewes Oral 2.5 g/d (dissolved in 
12.5 ml of water)

NS Ghanem et al. (2008)

Water stress 75‑d water restriction 
(70% and 50% of 
ad libitum WI)

Xhosa goats Oral 3 g/d/ or 3 g/d + extra 
5 g every 8th day 
(dissolved in 50 mL 
of water)

S Akinmoladun et al. 
(2020b)

Heat stress 60‑day exposure to 
summer heat stress 
(THI, > 70)

Growing calves Diet 20 g/d (mixed with 
concentrate)

NS Kim et al. (2012)

Transportation stress 3‑h (225 km) trans‑
portation

Farafra Sheep Oral 125 mg/kg BW (dis‑
solved in 10 mL of 
sterile water)

S Kassab and Moham‑
med (2014)

Transportation stress 10‑h transportation Crossbred (Alpine 
x Beetle) goats

Oral 180 mg/kg (dissolved 
in water)

Return to normal 
value after 6 h 
post transportation 
compared to 10 h in 
control

Mir et al. (2019)
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oocytes reached at metaphase I and II stages have been 
reported in camel (Elsayed et al. 2015) and other caprines 
(Hammami et al. 2013). Though the oestrous response and 
duration, embryo retention rate and the number of does 
kidding were not affected, intramuscular administration 
of ascorbic acid (50 mg) enhanced conception rate in Red 
Sokoto goats (Omontese et al. 2014). This improvement 
in reproductive efficiency with VC, especially in vivo, has 
been attributed to increased survival and quality of the 
embryo by mechanisms such as (i) increased production 
of progesterone during the early stage of gestation; (ii) 
enhanced function and maturation of the placenta, uterus 
and oviduct; (iii) improved blastocyte development; and 
(iv) circumvention of foetal resorption (Hashem et al., 
2015). However, the concentration of ascorbic acid that 
is of physiological significance during supplementation 
is a crucial research area. Higher concentrations of ascor‑
bic acid in vitro can inhibit physiological processes in the 
ovary, resulting in follicular degeneration (Murray et al. 
2001). In a study conducted by Andrade et  al. (2012) 
on dose‑dependent ascorbic acid supplementation to an 
in vitro culture of bovine preantral follicles, granulosa 
cell proliferation was stimulated following ascorbic acid 
supplementation and reached a maximum at 50 µg/ml of 
ascorbic acid. According to the authors, the maintenance 
of follicular viability during in vitro culture was not effec‑
tive at higher (> 100 µg/ml) or lower doses (< 10 µg/ml) 
of ascorbic acid.

Apart from lacking significant cytoplasmic antioxi‑
dants, sperm cells have an abundance of polyunsaturated 
fatty acids in their membranes and are therefore suscepti‑
ble to lipid peroxidation from  O2

− and  H2O2 (Bansal and 
Bilaspuri 2010). Ascorbic acid plays a role in protecting 
sperm from ROS and maintaining the genetic integrity 
of sperm cells by protecting sperm DNA from oxidative 
damage (Eidan 2016). Because of these vital functions, 
deficient or reduced ascorbate levels in male animals have 
been correlated with an increased number of abnormal 
sperm, low sperm counts, agglutination and reduced fertil‑
ity (Bansal and Bilaspuri 2010). Administration of ascor‑
bic acid (20 mg/kg; i.m) for 30 days reportedly increases 
sperm concentration, semen volume and motility in rams 
(Sonmez and Demirci 2003). Also, subcutaneous injection 
of VC (20 mg and 40 mg/live weight) in Makhoz goats for 
90 days linearly increased total sperm ejaculate and sperm 
volume (Fazeli et al. 2010). Modulation of ascorbic acid in 
ruminants’ reproductive efficiency is hinged on its ability 
to maintain lipids, DNA, proteins, enzymes and other anti‑
oxidants at the required physiological range and homeosta‑
sis sufficient for optimum reproductive interactions (Son‑
mez and Demirci 2003). However, the level of response 
and improvements recorded varies with concentrations 

of ascorbic acid used. The optimum concentration of VC 
required for maximum improvement is still a research gap.

Conclusion

While ruminants possess the ability to synthesize VC in the 
liver, the decreased plasma ascorbate concentration during 
stressful periods may compromise their immune system as 
well as production and performance indices. Research evalu‑
ating vitamin C requirements in ruminants and the atten‑
dant responses during stressful periods and the amount that 
will be supplemented to produce maximum improvement is 
currently advocated. Differences in ruminant types, breed, 
stressful stimuli, physiological status, route and form of 
VC administration may influence and cause variations in 
response following supplementation. Therefore, there is a 
need to explore these areas with a view to establishing the 
most effective supplementation rate of VC and route and 
form.
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