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BACKGROUND 
 Ruminants are animals that have multiple stomachs to allow consumption and digestion of fibrous 
feedstuffs.  The key to this digestive process is the bacterial breakdown of the fiber in the first stomach or 
rumen.  The bacterial balance in the rumen can shift, allowing the ruminant to adapt to different diets.  Ru-
minal bacteria convert fiber into lactate and volatile fatty acids (VFA: acetic, propionic, and butyric acids).  
Lactate and VFA are passively absorbed through the rumen and intestinal epithelium. 
 

METABOLIC ACIDOSIS and ALKALOSIS 
Acidosis is defined as a decrease in the alkali (base excess) relative to the acid (hydrogen ion) 

content of body fluids.  Alkalosis is the reverse situation wherein alkali concentration is greater than the 
acid concentration in body fluids. 
 The difference in the concentrations of strong ions has been shown to affect the acidity/alkalinity 
of body fluids.  Strong ion difference (SID) is defined as the sum of strong positive ion concentrations mi-
nus the sum of the strong anion concentrations.  The major strong ions in plasma are sodium and chloride.  
Potassium and sulfate are two additional strong ions.  A decrease in SID below normal results in acidosis 
(increase in H+) and an increase in SID above normal results in alkalosis (decrease in H+).  Unidentified 
strong anions such as lactate will decrease the SID leading to acidosis, if present. 
 

Types of Acidosis          

 Bovine lactic acidosis syndrome is associated with large increases of lactic acid in the rumen, 
which result from diets that are high in ruminally available carbohydrates, or forage that is low in effective 
fiber, or both. The syndrome involves two separate anatomical areas, the gastrointestinal tract and body 
fluids, and is related to the rate and extent of lactic acid production, utilization, and absorption. Clinical 
manifestations range from loss of appetite to death. Lactic acid accumulates in the rumen when the bacte-
ria that synthesize lactic acid outnumber those that utilize lactic acid. 

 Subacute ruminal acidosis (SARA) is likely to arise when an easily palatable, high-energy diet 
meets a ruminal environment not adapted to this type of substrate. The increase of volatile fatty acids 
(VFA) that occur along with the increased production and decreased metabolism of lactate may result in a 
transient ruminal pH below 5.5. 

 Lactate accumulates only when the glycolytic flux (hexose units fermented per unit time per micro-
organism) is high. During dietary adaptation, the glycolytic flux is increased and lactate may accumulate. 
After adaptation to a certain diet, the number of microorganisms is changed and the glycolytic flux again is 
normal and lactate is only a minor intermediate in rumen metabolism.  It should be noted that the total acid 
load not lactate alone is responsible for acidosis.  The accumulation of VFA also contributes to the total 
acid load. 

Pathogenic Effects  

 Populations of normally non-competitive lactate producing bacteria, such as Streptococcus bovis, 
can expand rapidly in the presence of excess glucose.  The inhibition of S. Bovis by thiopeptin can help 
prevent acidosis. 
 Under normal conditions lactate does not accumulate in the rumen, however most lactate-using 
microbes are sensitive to low pH.  Consequently, metabolic acidosis can result in bacterial die off lactate-
consuming, gram-negative bacteria and release of endotoxins.  Though decisive evidence for the patho-
gentical role of endotoxins of gram negative bacteria remains scarce, several authors have suggested that 
these endotoxins play a significant role for the development of diseases such as laminitis, abomasal dis-
placement, sudden death syndrome of feed-lot steers etc.  Ruminal acidosis may facilitate the transloca-
tion of endotoxins from the intestinal/ruminal contents to the portal vein and eventually the systemic blood-
stream.    
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The negative impact of organic acids on the ruminal wall may lead to parakeratosis enabling translocation 
of pathogens into the bloodstream provoking inflammation and abscessation throughout the ruminant 
body.  Acidosis can also result in protozoal rupture and release of large amounts of amylase that acceler-
ates the production of glucose from starch.  The rapid glucose release from starch can increase ruminal 
osmolarity inhibiting volatile fatty acid (VFA) absorption and increasing rumenal acidity. 

The change in osmolality is much greater than the change in acidity during acidosis.  The rapid influx of water into 

the rumen to neutralize the increased ruminal osmotic pressure, swells the ruminal papillae and can strip the internal 

surface layers of the rumen wall.  In addition osmolytic damage to the ruminal lining, infection of the damaged lining 

with Fusobacterium necrophorum and its translocation to the blood stream and the liver also occurs. 

During alkalosis, bone and perhaps renal tissue become unresponsive to increased parathyroid hormone (PTH) con-

centrations.  On the other hand, mild acidosis seems to increase tissue responsiveness to PTH. 

 

DISEASES 
 The systemic impact of acidosis may have several physiological implications such as laminitis, abomasal 

displacement, sudden death syndrome of feed-lot steers, poor growth and performance, etc..  Metabolic acidosis one 

of the prime factors responsible for the death of many diarrheic calves.   Nervous system disorders can also be linked 

to rumen metabolic acidosis.  The discussions below are not an exhaustive treatment of the many conditions arising 

from or aggravated by metabolic acidosis. 

 

Laminitis 
 Low-quality hoof horn is a frequent underlying cause of lameness in cattle.  The response of the keratino-

cytes is relatively nonspecific in that lesions often appear the same regardless of cause.  Nevertheless metabolic aci-

dosis is frequently a major underlying cause for lameness. 

Laminitis is a diffuse aseptic inflammation of the laminae (corium). The severity of laminitis is related to the fre-

quency, intensity, and duration of systemic acidotic insults.   Laminitis is also regularly connected to subacute ru-

minal acidosis (SARA). 

The critical link between acidosis and laminitis appears to be associated with a persistent hypoperfusion, which re-

sults in ischemia in the digit.   Osmolarity, which is intertwined with acidosis, may play a direct role in laminitis.  

Similarly the endotoxins released due to gram-negative bacterial die-off can contribute to laminitis.  In addition the 

systemic release of metalloproteinases from the ruminal lining and local release of metalloproteinases in the lamiae 

both enhance laminal inflammation leading to lameness. 

 Since both osmotic imbalance and metalloproteinase release are triggered by acidosis, management of aci-

dosis is critical in preventing laminitis.  If pH is chronically acidic, the epithelium releases metalloproteinases that 

cause tissue degradation.  If these metalloproteinases enter the blood-stream, the laminae above the hoof become 

inflamed, the animal becomes lame, and, in extreme cases the hoof can fall off. 
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Developmental Orthopedic Disease 
 The incidence of developmental orthopedic diseases in other (non-cattle) fast-growing domestic animal spe-

cies is also a concern.  Alkalogenic diets increase dry matter intake and improve both growth in a number of species.  

High level performance horses and rapidly growing foals are commonly fed high-grain, acidogenic diets.  Prolonged 

acidosis may lead to significant demineralization and skeletal weakening. Correction of the dietary acid-base imbal-

ance may prevent stress fractures in race horses. 

 

Liver Abscesses 
 Fusobacterium necrophorum, a lactate consuming ruminal anaerobic bacterium, thrives during acidosis.  F. 

necrophorum possesses or produces a number of virulence factors that participate in the penetration and colonization 

of the ruminal epithelium and subsequent entry and establishment of infection in the liver.  Approximately 13% of 

the livers from cattle with subacute acidosis are condemned due to bacterial abscesses. 

Fatty Liver and Ketosis 
 Most metabolic diseases in dairy cows occur during the peripartum period and are suggested to 
be derived from fatty liver initially developed during the nonlactating stage. Fatty liver is induced by hepatic 
uptake of nonesterified fatty acids (NEFA) that are released in excess by adipose tissues attributable to 
negative energy balance when cows go off their feed prior to parturition.  Export of newly synthesized 
triglyceride as very low density lipoprotein occurs slowly in ruminants and is a major factor in the develop-
ment of fatty liver.  This slow release causes liver triglyceride concentration to increase four- to fivefold 
between d 17 prior to calving and d 1 following calving.

 
  Poor feedback control of nonesterified fatty acid 

release from adipose tissue is a likely cause of ketosis and fatty liver.  In this situation hepatic gluconeo-
genesis is inadequate to supply the needed glucose for body maintenance and lactation. 

 As discussed above the high forage intake prepartum leads to a metabolic alkalosis due to the 
high potassium and malic acid present in forage.  It is recommended that during the last 3 to 4 weeks pre-
partum, a diet higher in energy and protein concentration than current NRC guidelines should be fed so 
that adequate nutrient intake occurs within the limits of the reduced dry matter intake (DMI).   This higher 
grain diet will create a mild acidosis that should be counterbalanced by the addition of malic acid to the 
subsequent intense energy diet that is known to create severe acidosis and its attendant problems. 

 

Milk Fever or Hypocalcaemia 
 The hypocalcaemia associated with milk fever is due to a failure of the calcium homeostatic 
mechanisms in the cow to restore normal blood calcium concentration in a timely manner at the onset of 
lactation.  The defect in calcium homeostasis appears to reside in the sensitivity of bone and kidney tis-
sues to parathyroid hormone (PTH) stimulation. Evidence suggests that metabolic alkalosis is responsible 
for blunting tissue PTH responsiveness.  High cation diets, such as is typical of high-quality forage diets of 
preparturient period, can cause milk fever in dairy cows as they induce a metabolic alkalosis reducing the 
ability of the cow to maintain calcium homeostasis at the onset of lactation.    Plasma calcium levels can 
drop in half at the time of parturition in cows that develop milk fever.   Hypocalcaemia blunts immune re-
sponse. 
 Acidosis on the other hand, increases tissue receptivity to parathyroid hormone (PTH).   Improved 
PTH receptiveness results in increased production of active vitamin D which in turn enhances bone re-
sorption and intestinal absorption of calcium which prevent hypocalcemia and milk-fever. 
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Dietary cause  
 Excessive dietary potassium is very common and is the most important factor causing metabolic 
alkalosis in dairy cows.  Forty-five percent (45%) of dairy operations feed dry cows a "low potassium diet" 
to reduce milk fever.  About 27% of dairy farms feed dry cows a diet with added anions to induce a com-
pensated metabolic acidosis which has proved effective in reducing subclinical hypocalcaemia. These di-
ets are often high in calcium.  Hypomagnesaemia can also reduce tissue PTH responsiveness but hypo-
magnesaemia can be corrected in most rations.  There is a very strong association between higher con-
centration of magnesium in the diet and lower incidence of milk fever. 

Improving PTH 
 Creating a mild acidosis condition to improve PTH at the start of lactation must then be countered 
quickly since high producing dairy herds, attempting to maximize energy intake, are continually confronted 
with subclinical acidosis and laminitis. Subacute ruminal acidosis (SARA) manifests as lame cows, thin 
cows, high herd removals or death loss across all stages of lactation, and milk fat depression 

 Hypocalcaemia postparturient paresis in dairy cows is caused by the sudden increase of calcium 
secretion into the colostrum.

 
The manipulation of the dietary cation-anion difference makes it possible to 

maintain the cows in metabolic acidosis during the critical period that precedes calving, presumably via a 
mechanism that involves the strong ion difference in the extracellular fluid. As a consequence the mobili-
zation of calcium is enhanced and the incidence of the disorder is decreased.

 
Conversely, a dietary in-

duced metabolic alkalosis leads to a more severe degree of hypocalcaemia and the incidence of the dis-
ease is increased. 

Displaced Abomasum (DA) 
A fundamental advancement in recent years has been recognition of the multifactorial nature of almost all 
diseases of importance in dairy cattle.

 
   A survey of the literature reveals a large number of factors that 

are associated with abomasum displacement (see table on following page) 
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Factors Associated with Displaced Abomasum 

Breeda 

Gendera 

Agea, b 

  

Concurrent diseasesa 

  

Multiparous cows f 

Environmental aspectsa 

Springtimeb 

  

Recent calvingb, g, h 

Retained placenta g 

Metritis (inflamed uterus) g 

  

Production levelsa,b 

  

Prepartum depression of intake g 

Slow postpartum increase in intake g 

Lower ruminal fill g 

Decreased ruminal motility from lower ruminal fill g 

High amount of high-quality roughage in prepartum diet f 

Excessive amounts of concentrate during the prepartum period g 

Minimal intake of concentrate during the prepartum period g 

Reduced forage to concentrate ratio g 

  

Failure to increase the absorptive capacity of the ruminal papillae g 

Failure of the microbial population of the rumen to adapt prior to the intake of high energy postpar-

tum diets g 

  

Higher volatile fatty acid concentration g 

Low ruminal absorption of volatile fatty acids g 

  

Gas production in the abomasuma 

Hypomotility of the abomasuma 

  

Subclinical ketosisd 

Hyperketolactia (High milk ketones) e 

Uncomplicated ketosis g 

Serum nonesterified fatty acids (NEFA),  in the last week prepartum h 

Beta-hydroxybutyrate (BHBA) in the first week postpartum. H 
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 Feedlot economics dictate that highly fermentable rations be fed, leaving the ruminant constantly 
on the edge of lactic acidosis.   
 Even though ruminal fermentation can be recovered relatively quickly, the transition to high-grain 
diets often results in acute acidosis due to the overgrowth of rapidly-replicating lactic acid producing bacte-
ria.  In contrast lactate-consuming bacteria grow at a relatively slower rate. 
Feedlot animals may not die from the immediate effects of a metabolic acidosis, but there are sequelae 
such as mycotic rumenitis, hepatic abscesses, cauda vena cava thrombosis, and pulmonary arterial 
thromboemolism that may cause subsequent losses.  Approximately 13% of the livers from cattle with 
subacute acidosis are condemned due to bacterial abscesses. 

 Feedlot cattle are commonly given the ionophore antibiotic monensin.  Monensin is active against 
Gram-positive bacteria which produce lactic acid, thus reducing the incidence of acidosis during the early 
stages of adaptation to a high-grain diet.  Gram-negative bacteria (lactate consuming bacteria) are resis-
tant to monensin.  Monensin reduced daily variation of feed intake and reduced the incidence of digestive 
deaths in feedlot cattle.   The use of prophylactic antibiotics is largely banned in Europe.  Public pressure 
in mounting in the United States, for a similar ban on prophylactic antibiotics.   In domestic animals, acid-
base balance may be influenced by nutrition.

 
Nutritional interventions to prevent metabolic acidosis would 

be preferred to pharmaceutical interventions. 

DAIRY 
 Approximately 75% of disease in dairy cows typically happens in the first month after calving.  
Most of the metabolic diseases of dairy cows-milk fever, ketosis, retained placenta, and displacement of 
the abomasum-occur within the first 2 wk of lactation.  Other  metabolic diseases, such as laminitis origi-
nate during the first two weeks of lactation but do not become clinically manifest until later.  The over-
whelming majority of infectious disease, in particular mastitis, become clinically apparent during the first 2 
wk of lactation.  Adaptation of the rumen to lactation diets that are high in energy density while maintaining 
normocalcemia, and a strong immune system are critically important during the periparturient period if dis-
ease is to be avoided. 

 Energy requirements increase to 1.3 to 1.5 times maintenance in late pregnancy; therefore, the 
formulation of rations for dry cows must contain sufficient energy to support fetal growth plus maintenance. 
Protein requirements during pregnancy increase, particularly during the last 2 mo.  In addition milk produc-
tion in high-yielding dairy cows represents a metabolic stress comparable to fasting or acidosis. 

Beef vs. Dairy  

 The etiology of rumen acidosis in the dairy cow appears to be different from the classical descrip-
tion of rumen acidosis observed in beef feedlot cattle.  In feedlot cattle, the rapid production of lactic acid 
following an abrupt change to a high-starch diet causes rumen pH to fall dramatically, killing many rumen 
microbes, which then release endotoxins to the blood.  As the lactic acid spills over into the blood, it 
causes severe metabolic acidosis in the animal, which acts with the endotoxemia to cause hypovolemic 
shook and often death.  In the dairy cow, it is the total organic acid load induced by the diet, combined with 
the inability of the cow to buffer the organic acids with salivary secretions the causes rumen pH to fall. Al-
kalogenic diets increase dry matter intake and increase milk yield in diary cows.  Heat stress can lead to 
metabolic acidosis.  Alkalizing the diet with buffering agents aids in maintaining dry matter intake (DMI) 
and milk yield during heat stress. 
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Energy Associated Diseases 

 Milk fever and ketosis are clearly related to the cow's inability to maintain bodily functions in the 
face of negative calcium or energy balance. Displacement of the abomasum and retained placenta are not 
as easily categorized as to their cause.

 
  However milk fever (hypocalcemia), dystocia, and ketosis each 

increased the odds of developing left-displaced abomasum.  As such it has been recommended that cows 
be tested for preparturient nonesterified fatty acids (NEFA) and parturient hypocalcemia as indicators of 
metabolic disease problems in dairy herds.  Because subclinical ketosis is a risk factor for of displaced 
abomasum (DA), a number of treatment protocols have been investigated. 

 
Precalving administration of monensin in a controlled release capsule form, resulted in a 40% reduction in 
both clinical ketosis and abomasal displacement.  In addition a 25% reduction in the incidence of retained 
placenta was observed in monensin-treated cows.  Overall the monensin controlled release capsule re-
duced the incidence of energy associated disease by 30%. 
 

In Summary 

 Metabolic alkalosis and metabolic acidosis both affect a wide range of bovine physiological func-
tions: 

 
alkalosis  > hypocalcemia > immune disorders > uterine inflammation 
alkalosis  > hypocalcemia > muscle weakness > retained placenta 
acidosis  > connective tissue breakdown > displaced abomasums 

 
Monensin’s affect on the microbial populations of the rumen help prevent metabolic acidosis. This is the 
likely basis for monensin’s benefits in periparturient dairy cattle as well.  While monensin is commonly 
used with feedlot cattle, monensin is not currently approved for lactating dairy cattle in the United States.  
Therefore other means of controlling acidosis are needed for dairy cattle.  The effects of malic acid admini-
stration represent a potential nutritional approach to the prevention of displaced abomasum, whose root 
cause is likely to be a nutritional imbalance during a stressful transition. 

MALIC ACID AND MALATE 
 
 Fermentation of cracked corn in the presence of 8 or 12 mM DL-malate (disodium salt) resulted in 
an increase (P < .05) in final pH and propionate concentration. Total volatile fatty acids (VFA) tended to 
increase (P < .21), whereas final concentrations of L-lactate numerically decreased.   DL-malate treatment 
also consistently increased final pH values in fermentations of alfalfa hay and Coastal Bermuda grass hay.  
Fermentation studies show that malate could be used as a feed additive for ruminants fed diets containing 
medium proportions of forage (i.e. dairy animals) and not only in animals fed high-concentrate diets. 
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Lactate Utilization  

 Dicarboxylic acids such as malate reduce lactic acid concentration by stimulating lactate utilization 
by the predominant ruminal bacterium, Selenomonas ruminantium.  It appears that sodium may also be 
involved in stimulating lactate utilization by Selenomonas ruminantium.  L-Lactate uptake by Selenomonas 
ruminantium HD4 is stimulated in the presence of 10 mM L-malate at pH values and Na+ concentrations 
commonly found in the rumen. 
 In contrast the ionophore monensin reduces lactic acid concentration by suppressing lactic acid-
producing, monensin-sensitive bacteria (e. g. Streptococcus bovis). 

 In steers, fed a rolled corn-based diet, feed and gain efficiency (gain:feed) improved 8.1% greater 
(P < .05) for DL-malate than for the control. The average daily gain (ADG) linearly increased (P < .05) with 
more DL-malate and was 8.6% greater (P = .10) for DL-malate than for the control.   Feeding DL-malate to 
cattle consuming high-grain diets alleviates subclinical acidosis and improved animal performance. 

Supplementation With Malic Acid  
 Supplementation of high-grain finishing diets with malic acid may be beneficial in promoting a 
higher ruminal pH during periods of peak acid production without detrimental effects on ruminal microbial 
efficiency or starch, fiber, and protein digestion.  Ingestion of malic acid stimulates the expansion of the 
Selenomonas ruminantium and Megasphaera elsdenii populations in the rumen.  These bacteria provide 
the secondary metabolism of lactic acid and are critical in the adaptation to a high-grain diet. 
 As maturity increased, the concentration of malate declined in five alfalfa varieties and three Ber-
muda grass varieties.  Because malate stimulates the utilization of lactate by the predominant ruminal bac-
terium Selenomonas ruminantium, some of the benefits associated with alfalfa in the diets of dairy cattle 
may be due to the malate in this forage.   When five alfalfa varieties and three Bermuda grass hay varie-
ties were surveyed for malate content, the concentration of malate in both plant species declined as ma-
turity increased. However, after 42 d of maturity, the concentration of malate in both forages ranged be-
tween 1.9 and 4.5% of the DM. These results suggest that the incorporation of forage varieties that are 
high in malate may include malate economically into the diet and reduce losses associated with ruminal 
acidosis. 

Malic Acid &  
Metabolic Acidosis 



 

 

 

 

DN30-CPM1-Rev031510 |  Page 9 

 

i  Owens FN, Secrist DS, Hill WJ, Gill DR.  Acidosis in cattle: a review.  J Anim Sci. 1998 Jan;76(1):275-86. 

ii Whitehair KJ, Haskins SC, Whitehair JG, Pascoe PJ.  Clinical applications of quantitative acid-base chemistry.  J Vet Intern Med. 1995 Jan-Feb;9(1):1-11.  Erratum in:  J Vet     

Intern Med 1995 Jul-Aug;9(4):289.  Comment in:  J Vet Intern Med. 1995 Jul-Aug;9(4):289. 

iii  Nocek JE.  Bovine acidosis: implications on laminitis.  J Dairy Sci. 1997 May;80(5):1005-28. 

iv  Kleen JL, Hooijer GA, Rehage J, Noordhuizen JP.  Subacute ruminal acidosis (SARA): a review.J Vet Med A Physiol Pathol Clin Med. 2003 Oct;50(8):406-14.   

v  Counotte GH, Prins RA.  Regulation of lactate metabolism in the rumen.  Vet Res Commun. 1981 Dec;5(2):101-15. 

vi  Britton R, Stock RA  Acidosis, rate of starch digestion and intake.  Okla. Agric. Exp Stn.  MP-121. 1987, pp 125-137. 

vii  Zorrilla-Rios JP, May J, Jones W, Rowe, JB  Rapid introduction of cattle to grain diets using verginamycin.  In: Farrell DJ (Ed.) Recent Advances in Animal Nutrition in Aus  

tralia. P 10A.  University of New England, Armidale, NSW, Australia.  1991. 

viii  Owens FN, Secrist DS, Hill WJ, Gill DR.  Acidosis in cattle: a review.  J Anim Sci. 1998 Jan;76(1):275-86. 

ix  Owens FN, Secrist DS, Hill WJ, Gill DR.  Acidosis in cattle: a review.  J Anim Sci. 1998 Jan;76(1):275-86. 

x  Andersen PH.  Bovine endotoxicosis--some aspects of relevance to production diseases. A review.  Acta Vet Scand Suppl. 2003;98:141-55. 

xi  Aiumlamai S, Kindahl H, Fredriksson G, Edqvist LE, Kulander L, Eriksson O.  The role of endotoxins in induced ruminal acidosis in calves.  Acta Vet Scand. 1992;33(2):117-

27. 

xii  Kleen JL, Hooijer GA, Rehage J, Noordhuizen JP.  Subacute ruminal acidosis (SARA): a review.J Vet Med A Physiol Pathol Clin Med. 2003 Oct;50(8):406-14.   

xiii  Owens FN, Secrist DS, Hill WJ, Gill DR.  Acidosis in cattle: a review.  J Anim Sci. 1998 Jan;76(1):275-86. 

xiv  Owens FN, Secrist DS, Hill WJ, Gill DR.  Acidosis in cattle: a review.  J Anim Sci. 1998 Jan;76(1):275-86. 

xv  Owens FN, Secrist DS, Hill WJ, Gill DR.  Acidosis in cattle: a review.  J Anim Sci. 1998 Jan;76(1):275-86. 

xvi  Eadie JM, Mann SO. 1970.  Development of the rumen microbial population: High starch diets and instability.  In: AT Phillipson (Ed.) Physiology of Digestion and Metablo  

lism in the Ruminant.  Pp335-347.  Oriel Press, Newcastle Upon Tyne, UK. 

xvii  Nagaraja TG, Chengappa MM. Liver abscesses in feedlot cattle: a review.  J Anim Sci. 1998 Jan;76(1):287-98. 

xviii  Bbeck N, Webster SK.  Effects of acute metabolic acidosis on parathyroid hormone action and calcium mobilization.  Am J Physiol 1977, 230:127-131. 

xix  Goff JP, Horst JP Effect of the administration of potassium or sodium, but not calcium, to prepartum rations on milk fever in diary cows.  J Dairy Sci 1997, 80:176-186. 

xx  Kasari TR.  Metabolic acidosis in calves.  Vet Clin North Am Food Anim Pract. 1999 Nov;15(3):473-86, v. 

xxi  Kasari TR.  Metabolic acidosis in diarrheic calves: the importance of alkalinizing agents in therapy.  Vet Clin North Am Food Anim Pract. 1990 Mar;6(1):29-43. 

xxii  Kopcha M.  Nutritional and metabolic diseases involving the nervous system.  Vet Clin North Am Food Anim Pract. 1987 Mar;3(1):119-35. 

xxiii  Hoblet KH, Weiss W.  Metabolic hoof horn disease. Claw horn disruption.  Vet Clin North Am Food Anim Pract. 2001 Mar;17(1):111-27, vi-vii. 

xiv  Nocek JE.  Bovine acidosis: implications on laminitis.  J Dairy Sci. 1997 May;80(5):1005-28. 

xxv  Kleen JL, Hooijer GA, Rehage J, Noordhuizen JP.  Subacute ruminal acidosis (SARA): a review.J Vet Med A Physiol Pathol Clin Med. 2003 Oct;50(8):406-14.   

xxvi  Nocek JE.  Bovine acidosis: implications on laminitis.  J Dairy Sci. 1997 May;80(5):1005-28. 

xxvii  Vermunt JJ, Greenough PR.  Predisposing factors of laminitis in cattle.  Br Vet J. 1994 Mar-Apr;150(2):151-64. 

xxviii  Russell JB, Rychlik JL.  Factors that alter rumen microbial ecology.  Science. 2001 May 11;292(5519):1119-22.   

xxix  Mungall BA, Kyaw-Tanner M, Pollitt CC.  In vitro evidence for a bacterial pathogenesis of equine laminitis.  Vet Microbiol. 2001 Apr 2;79(3):209-23. 

xxx  Mungall BA, Pollitt CC.   Zymographic analysis of equine laminitis.  Histochem Cell Biol. 1999 Dec;112(6):467-72.  

xxxi  Riond J-L.  Animal nutrition and acid-base balance.  Eur J Nutr. 2001, 40:245-254. 

xxxii  Nagaraja TG, Chengappa MM. Liver abscesses in feedlot cattle: a review.  J Anim Sci. 1998 Jan;76(1):287-98. 

xxxiiii  Smith RA.   Impact of disease on feedlot performance: a review.  J Anim Sci. 1998 Jan;76(1):272-4. 

xxxiv  Katoh N.  Relevance of apolipoproteins in the development of fatty liver and fatty liver-related peripartum diseases in dairy cows.  J Vet Med Sci. 2002 Apr;64(4):293-307. 

xxxv  Grummer RR.  Etiology of lipid-related metabolic disorders in periparturient dairy cows.  J Dairy Sci. 1993 Dec;76(12):3882-96. 

xxxvi  Herdt TH.  Ruminant adaptation to negative energy balance. Influences on the etiology of ketosis and fatty liver.  Vet Clin North Am Food Anim Pract. 2000 Jul;16(2):215-

30, v. 

xxxvii  Gerloff BJ.  Dry cow management for the prevention of ketosis and fatty liver in dairy cows.  Vet Clin North Am Food Anim Pract. 2000 Jul;16(2):283-92. 

xxxviii  Goff JP, Horst RL.  Role of acid-base physiology on the pathogenesis of parturient hypocalcaemia (milk fever)--the DCAD theory in principal and practice.  Acta Vet Scand 

Suppl. 2003;97:51-6. Review. 

xxxix  Goff JP, Ruiz R, Horst RL.  Relative acidifying activity of anionic salts commonly used to prevent milk fever.  J Dairy Sci. 2004 May;87(5):1245-55. 

xl  Charbonneau E, Pellerin D, Oetzel GR.  Impact of lowering dietary cation-anion difference in nonlactating dairy cows: a meta-analysis.  J Dairy Sci. 2006 Feb;89(2):537-48. 

xli   Kimura K, Reinhardt TA, Goff JP.  Parturition and hypocalcemia blunts calcium signals in immune cells of dairy cattle.  J Dairy Sci. 2006 Jul;89(7):2588-95. 

xlii  Kimura K, Reinhardt TA, Goff JP.  Parturition and hypocalcemia blunts calcium signals in immune cells of dairy cattle.  J Dairy Sci. 2006 Jul;89(7):2588-95. 

xliii  Goff JP, Horst RL, Mueller FJ, Miller JK, Kiess GA, Dowlen HH.  Addition of chloride to a prepartal diet high in cations increases 1,25-dihydroxyvitamin D response to 

hypocalcemia preventing milk fever.  J Dairy Sci. 1991 Nov;74(11):3863-71. 

xliv  Gaynor PJ, Mueller FJ, Miller JK, Ramsey N, Goff JP, Horst RL.  Parturient hypocalcemia in jersey cows fed alfalfa haylage-based diets with different cation to anion ratios.  J 

Dairy Sci. 1989 Oct;72(10):2525-31. 

xlv  Goff JP, Horst RL, Mueller FJ, Miller JK, Kiess GA, Dowlen HH.  Addition of chloride to a prepartal diet high in cations increases 1,25-dihydroxyvitamin D response to 

hypocalcemia preventing milk fever.  J Dairy Sci. 1991 Nov;74(11):3863-71. 

Malic Acid &  
Metabolic Acidosis 



 

 

 

 

DN30-CPM1-Rev031510 |  Page 10 

 

xlvi  Goff JP, Horst RL.  Role of acid-base physiology on the pathogenesis of parturient hypocalcaemia (milk fever)--the DCAD theory in principal and practice.  Acta Vet Scand 

Suppl. 2003;97:51-6. 

xlvii  Goff JP, Horst RL.  Milk fever control in the United States.  Acta Vet Scand Suppl. 2003;97:145-7. 

xlviii  Goff JP, Horst RL.  Role of acid-base physiology on the pathogenesis of parturient hypocalcaemia (milk fever)--the DCAD theory in principal and practice.  Acta Vet Scand 

Suppl. 2003;97:51-6. 

xlix  Lean IJ, DeGaris PJ, McNeil DM, Block E.  Hypocalcemia in dairy cows: meta-analysis and dietary cation anion difference theory revisited.  J Dairy Sci. 2006 Feb;89(2):669-

84 

l  Nocek JE.  Bovine acidosis: implications on laminitis.  J Dairy Sci. 1997 May;80(5):1005-28. 

li  Oetzel GR.  Monitoring and testing dairy herds for metabolic disease.  Vet Clin North Am Food Anim Pract. 2004 Nov;20(3):651-74. 

lii  Riond JL.  Animal nutrition and acid-base balance.  Eur J Nutr. 2001 Oct;40(5):245-54. 

liii  Riond JL.  Animal nutrition and acid-base balance.  Eur J Nutr. 2001 Oct;40(5):245-54. 

liv  Riond JL.  Animal nutrition and acid-base balance.  Eur J Nutr. 2001 Oct;40(5):245-54. 

lv  LeBlanc SJ, Lissemore KD, Kelton DF, Duffield TF, Leslie KE.  Major advances in disease prevention in dairy cattle.  J Dairy Sci. 2006 Apr;89(4):1267-79. Review.  

lvi  Johnson B.  Nutritional and dietary interrelationships with diseases of feedlot cattle.  Vet Clin North Am Food Anim Pract. 1991 Mar;7(1):133-42. 

lvii  Brown MS, Ponce CH, Pulikanti R.  Adaptation of beef cattle to high-concentrate diets: performance and ruminal metabolism.  J Anim Sci. 2006 Apr;84 Suppl:E25-33. 

lviii  Johnson B.  Nutritional and dietary interrelationships with diseases of feedlot cattle.  Vet Clin North Am Food Anim Pract. 1991 Mar;7(1):133-42. 

lix  Smith RA.   Impact of disease on feedlot performance: a review.  J Anim Sci. 1998 Jan;76(1):272-4. 

lx  Russell JB, Strobel HJ.  Effect of ionophores on ruminal fermentation.  Appl Environ Microbiol. 1989 Jan;55(1):1-6.  

lxi  Parrott C.  Secondary benefits from feeding rumensin.  In: Scientific Update on Rumensin/Tylan for the Professional FFfeedlot Consultant.  Pp H1-H11.  Elanco Animal Health, 

Indianapolis, IN. 1993. 

lxii  Vogel G.  Rumensin efficacy: A review of large pen research trials.  In:  Scientific Update on Rumensin/Tylan/Mycotil for the Professional FFfeedlot Consultant.  Pp B1-B10.  

Elanco Animal Health, Indianapolis, IN. 1996. 

lxiii Riond JL.  Animal nutrition and acid-base balance.  Eur J Nutr. 2001 Oct;40(5):245-54. 

lxiv  LeBlanc SJ, Lissemore KD, Kelton DF, Duffield TF, Leslie KE.  Major advances in disease prevention in dairy cattle.  J Dairy Sci. 2006 Apr;89(4):1267-79. Review. 

lxv  Goff JP, Horst RL.  Physiological changes at parturition and their relationship to metabolic disorders.  J Dairy Sci. 1997 Jul;80(7):1260-8. 

lxvi  Quigley JD 3rd, Drewry JJ.  Nutrient and immunity transfer from cow to calf pre- and postcalving.  J Dairy Sci. 1998 Oct;81(10):2779-90. 

lxvii  Meijer GA, van der Meulen J, van Vuuren AM.  Glutamine is a potentially limiting amino acid for milk production in dairy cows: a hypothesis. Metabolism. 1993 Mar;42

(3):358-64. 

lxviii  Goff JP.  Major advances in our understanding of nutritional influences on bovine health.  J Dairy Sci. 2006 Apr;89(4):1292-301. Review. 

lxix  Riond J-L.  Animal nutrition and acid-base balance.  Eur J Nutr. 2001, 40:245-254. 

lxx  Sanchez WK, McGuire MA, Beede DK.  Macromineral nutrition by heat stress interactions in dairy cattle: review and original research.  J Dairy Sci. 1994 Jul;77(7):2051-79. 

lxxi  Goff JP.   Major advances in our understanding of nutritional influences on bovine health.  J Dairy Sci. 2006 Apr;89(4):1292-301. 

lxxii  Correa MT, Erb H, Scarlett J.  Path analysis for seven postpartum disorders of Holstein cows.  J Dairy Sci. 1993 May;76(5):1305-12. 

lxxiii  Oetzel GR.  Monitoring and testing dairy herds for metabolic disease.  Vet Clin North Am Food Anim Pract. 2004 Nov;20(3):651-74. 

lxxiv  Geishauser T, Leslie K, Duffield T.  Metabolic aspects in the etiology of displaced abomasum.  Vet Clin North Am Food Anim Pract. 2000 Jul;16(2):255-65, vi. Review. 

lxxv  Duffield T, Bagg R, DesCoteaux L, Bouchard E, Brodeur M, DuTremblay D, Keefe G, LeBlanc S, Dick P.  Prepartum monensin for the reduction of energy associated disease   

in postpartum dairy cows.  J Dairy Sci. 2002 Feb;85(2):397-405. 

lxxvi  Duffield TF, Leslie KE, Sandals D, Lissemore K, McBride BW, Lumsden JH, Dick P, Bagg R.  Effect of a monensin-controlled release capsule on cow health and reproduc-

tive performance.  J Dairy Sci. 1999 Nov;82(11):2377-84. 

lxxvii  Duffield TF, LeBlanc S, Bagg R, Leslie K, Ten Hag J, Dick P.  Effect of a monensin controlled release capsule on metabolic parameters in transition dairy cows.  J Dairy Sci. 

2003 Apr;86(4):1171-6. 

lxxviii  Martin SA, Streeter MN.  Effect of malate on in vitro mixed ruminal microorganism fermentation.  J Anim Sci. 1995 Jul;73(7):2141-5.  

lxxix  Martin SA.  Effects of DL-malate on in vitro forage fiber digestion by mixed ruminal microorganisms.  Curr Microbiol. 2004 Jan;48(1):27-31.  

lxxx  Gomez JA, Tejido ML, Carro MD.  Influence of disodium malate on microbial growth and fermentation in rumen-simulation technique fermenters receiving medium- and 

high-concentrate diets.  Br J Nutr. 2005 Apr;93(4):479-84. 

lxxxi  Evans JD, Martin SA.  Factors affecting lactate and malate utilization by Selenomonas ruminantium.  Appl Environ Microbiol. 1997 Dec;63(12):4853-8. 

lxxxii  Martin SA.  Manipulation of ruminal fermentation with organic acids: a review.  J Anim Sci. 1998 Dec;76(12):3123-32.  

lxxxiii  Nisbet DJ, Martin SA.  Factors affecting L-lactate utilization by Selenomonas ruminantium.  J Anim Sci. 1994 May;72(5):1355-61. 

lxxxiv   Martin SA.  Manipulation of ruminal fermentation with organic acids: a review.  J Anim Sci. 1998 Dec;76(12):3123-32.  

lxxxv  Martin SA, Streeter MN, Nisbet DJ, Hill GM, Williams SE.  Effects of DL-malate on ruminal metabolism and performance of cattle fed a high-concentrate diet.  J Anim Sci. 

1999 Apr;77(4):1008-15.  

lxxxvi  Montano MF, Chai W, Zinn-Ware TE, Zinn RA.  Influence of malic acid supplementation on ruminal pH, lactic acid utilization, and digestive function in steers fed high-

concentrate finishing diets.  J Anim Sci. 1999 Mar;77(3):780-4. 

lxxxvii  Russell JB, Rychlik JL.  Factors that alter rumen microbial ecology.  Science. 2001 May 11;292(5519):1119-22.   

lxxxviii  Callaway TR, Martin SA, Wampler JL, Hill NS, Hill GM.  Malate content of forage varieties commonly fed to cattle.  J Dairy Sci. 1997 Aug;80(8):1651-5. 

lxxxix  Martin SA.  Manipulation of ruminal fermentation with organic acids: a review.  J Anim Sci. 1998 Dec;76(12):3123-32.   

Malic Acid &  
Metabolic Acidosis 


