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Abstract

The kidneys are developed from the interme-
diate mesoderm of the embryo. They are 
important for osmoregulation, regulation of 
acid-base balance, reabsorption of nutrients, 
and excretion of metabolites. In fish, the kid-
neys also serve as a hematopoietic, lymphoid 
and endocrine organ for the generation of red 
blood cells, the development of lymphocytes, 
and the production of hormones (e.g., gluco-
corticoids, catecholamines, and thyroid hor-
mones). In humans and all animals, kidneys 
play a vital role in the metabolism and reab-
sorption of amino acids (AAs) and glucose. 
Specifically, this organ contributes to glucose 
synthesis from AAs, lactate and pyruvate via 
the gluconeogenesis pathway; regulates acid-
base balance via inter-organ metabolism of 
glutamine; and synthesizes arginine, tyrosine, 
and glycine, respectively, from citrulline, phe-
nylalanine, and 4-hydroxyproline. In mam-
mals and birds, kidneys participate in creatine 
synthesis. Renal dysfunction adversely alters 
the concentrations of AAs in blood, while pro-

moting muscle protein breakdown, inflamma-
tion, mitochondrial abnormalities, defects in 
the immune response, and cardiovascular dis-
eases. Moderation of dietary AA intake has a 
protective and therapeutic effect on chronic 
kidney disease. Understanding the functions 
and metabolism of AAs in kidneys is essential 
for maintaining whole-body homeostasis, 
improving health and well-being, and prevent-
ing or treating renal  metabolic diseases in 
humans and farm animals (including swine, 
poultry, ruminants, fish and shrimp).
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5.1	 �Introduction

The main function of the kidney is to maintain 
the homeostasis of water, minerals and metabo-
lites as well as acid-base balance, osmolality, and 
blood pressure in the body. This is achieved 
through filtering the blood supplied from the 
renal arteries, reabsorbing nutrients into the 
blood circulation, and excreting metabolites 
(e.g., ammonia, urea, homocysteine, ketone bod-
ies, and methylarginines). The rate of blood flow 
through the kidneys is particularly high. For 
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example, in humans, the kidneys receive about 
20% of the blood pumped out of the heart and 
filter about 1.25  L of blood per minute 
(Kierszenbaum and Tres 2015). Kidneys also 
produce hormones that affect the function of 
other organs. As a result, well-functioning kid-
neys are essential to health and well-being. 
However, many individuals (e.g., 11.5% of the 
adult population in the United States) have 
chronic kidney disease and are at increased risk 
for cardiovascular events and progression to kid-
ney failure (Tangri et al. 2011). According to the 
World Health Organization (WHO), globally 
864,226 deaths (or 1.5% of deaths) were attribut-
able to chronic kidney disease in 2012. Ranked 
the fourteenth in the list of leading causes of 
death, this disease accounts for 122 deaths per 
1 million people (Webster et al. 2017).

Maintaining health and preventing disease 
outbreaks is vital to the economy and safety in 
animal production. This is because farm animals 
(including swine, poultry, cows, sheep, goats, 
fish, and shrimp) usually face numerous stresses, 
including high-density rearing, imbalance in 
nutrient intakes, heavy metal and non-metal con-
tainments, heat or cold environments, air and 
water pollution, and challenges by infectious 
agents (e.g., parasites, bacteria, fungi and 
viruses). Behavioral and physiological altera-
tions will occur when affected animals cannot 
mount a successful response to one or more of 
these stresses (Blokhuis et al. 1998). For exam-
ple, heat stress or metal toxicity can induce oxi-
dative damage due to enhanced production of 
reactive oxygen species (ROS), mitochondrial 
dysfunction, and metabolic disorder, thereby 
compromising renal function (Pandey and 
Madhuri 2014; Belhadj Slimen et  al. 2016). In 
fish, which lack bone marrow and lymph nodes, 
the kidneys serve as the hematopoietic organ and 
are a major lymphoid organ (Kum and Sekkin 
2011). Renal dysfunction adversely affects 
immunity and increases susceptibility to disease, 
while decreasing feed intake and growth, thereby 
hindering animal production (Blokhuis et  al. 
1998; Anderson et al. 2011).

Most of amino acids (AAs) are catabolized by 
the kidneys via numerous pathways (including 

asparaginase, glutamate dehydrogenase,  gluta-
minase, transaminases, and D-AA oxidases), and 
that filtered AAs are almost completely reab-
sorbed by the proximal convoluted tubule into the 
blood in normal physiological states (Levillain 
et al. 1997; Wu 2013a, b). The kidneys also play 
a vital role in the biosynthesis of some AAs and 
their derivatives. As a result, renal dysfunction 
will induce the deficiency of these AAs and their 
derivatives. Moreover, understanding the func-
tions and metabolism of AAs in the kidneys is 
important for preventing and treating chronic 
renal diseases in both humans and farm animals. 
This review highlights the development and func-
tions of the kidneys in different animals, as well 
as AA metabolism in this organ and its relation-
ship with renal diseases.

5.2	 �Kidney Development 
and Structure

In all vertebrate species, the kidney originates 
from the intermediate mesoderm that is called the 
nephrogenic mesoderm (Cullen-McEwen et  al. 
2016). The embryonic development of the kidney 
is complex in that two or three different kidneys 
(depending on species) are formed in temporal 
and spatial sequences. In amniotes (birds, mam-
mals, and reptiles), nephrogenesis begins at the 
embryonic stage and completes at birth. This pro-
cess occurs through a series of successive phases: 
archinephros, pronephros, mesonephros, and 
metanephros (Cullen-McEwen et  al. 2016). 
Archinephros occurs in the embryos as the sim-
plest kind of excretory organ, which is nonfunc-
tional in humans and other mammals. Then, three 
types of a more advanced kidney develop from 
the embryonic archinephros: the pronephros 
from its anterior section, the mesonephros from 
its middle section, and the metanephros from its 
hind section. The pronephros and mesonephros 
are generally transient embryonic kidneys that 
subsequently degenerate and have little or no 
function in adult mammals. However, the meso-
nephros is the functional kidney in fish and 
amphibians (Seely 2017). Generally, the meta-
nephros develops when an outgrowth of the pri-
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mary nephric duct (the ureteric bud or metanephric 
diverticulum) extends into the surrounding meta-
nephric mesenchyme (Dressler 2006; Seely 
2017). The metanephros is the adult kidney or the 
functional kidney in humans and other amniotes 
(Cullen-McEwen et  al. 2016). The functional 
kidney has an extensively branched collecting 
duct system and a large number of nephrons 
(Cullen-McEwen et al. 2016; Denic et al. 2016). 
During postnatal growth, mammals increase their 
renal performance via increases in nephron size 
and glomerular filtration rate (Davidson 2014).

In contrast to mammals, fish form the proneph-
ros and mesonephros, with the latter being the per-
manent adult kidney (Davidson 2014). Generally, 
fish embryos develop externally and are therefore 
exposed to environmental pressures from water 
and salts, and the pronephric kidneys play a vital 
role in osmoregulation. In zebrafish, the functional 
larval pronephros consists of two nephrons with 
glomeruli fused at the embryo midline just ventral 
to the dorsal aorta (Drummond 2005). At the juve-
nile stage, the mesonephros kidney is formed, 
which consists of hundreds of nephrons that 
branch distally (Davidson 2014). Unlike the mam-
malian metanephric kidneys, the mesonephric kid-
neys of fish continue to add new nephrons as their 
body mass increases during their lives (Davidson 
2014; Upadhyay and Silverstein 2014).

5.3	 �Functions of the Kidneys

The nephron is the functional unit of the kidney, 
and is composed of a renal corpuscle (a glomeru-
lus and glomerular capsule known as Bowman’s 
capsule) and renal tubules (including the proxi-
mal convoluted tubule, the loop of Henle, and the 
distal convoluted tubule). The glomerulus filters 
the blood into the renal tubule, and the glomeru-
lar filtration rate (GFR) is an indicator of overall 
kidney function. The GFR is defined as the total 
amount of fluid filtered through all of the neph-
rons per unit of time (Levey et al. 2015). Filtration 
is the process by which cells and large proteins 
are retained while substances of small molecular 
weights are filtered from the blood to make an 
ultrafiltrate fluid. Most of molecules (such as 

water, glucose, and AAs) in the ultrafiltrate are 
reabsorbed from the renal tubule into the peritu-
bular capillary and blood circulation. In a healthy 
adult human, reabsorption by renal tubules recov-
ers about 70  g AAs per day (Young 1991). 
Moreover, the kidneys excrete a variety of metab-
olites (such as ammonia, urea, uric acid, methyl-
arginines, homocysteine, and ketone bodies) into 
urine (McNeal et  al. 2018). For example, in 
humans, about 180 L of ultrafiltrate fluid passes 
into the renal tubules per day. Most of the fluid is 
reabsorbed by the tubular cells into the blood cir-
culation, and only about 1.5  L of the fluid is 
excreted as urine (Kierszenbaum and Tres 2015). 
Due to their functions in excretion, reabsorption, 
and filtration, the kidneys play a vital role in 
maintaining whole-body homeostasis, such as 
acid-base balance, electrolyte concentrations in 
plasma, extracellular fluid volume, and blood 
pressure. The kidneys accomplish these homeo-
static functions both independently and in con-
cert with other organs, particularly the endocrine 
system. Various endocrine hormones coordinate 
the endocrine functions, including antidiuretic 
hormone, thyroid hormone, adrenal cortical hor-
mone, renin, angiotensin II, aldosterone, gluco-
corticoids, mineralocorticoids, prolactin, 
prostaglandins, and atrial natriuretic peptide, gas-
trin, among others (McDonald et al. 1976; Afsar 
et  al. 2016; Ahmed and Ramesh 2016). For 
example, antidiuretic hormone is the hormone of 
paramount importance in the regulation of water 
excretion by the mammalian kidneys, but other 
hormones also influence renal excretion of water. 
In particular, aldosterone, which is produced by 
the cortex of the adrenal gland, stimulates the 
reabsorption of water by renal tubules along with 
Na+, thereby increasing blood volume and 
decreasing urine volume. Furthermore, glucagon-
like peptide-1, which is excreted by endocrine 
cells of the small intestine, can increase the GFR, 
renal plasma flow, urine output, and the excretion 
of Na+, K+, and HCO3

− (Afsar et  al. 2016). In 
postnatal mammals and birds, another important 
function of the kidneys is the regulation of eryth-
ropoiesis (the production of erythrocytes) by the 
bone marrow. Although the kidney is not the site 
of erythropoiesis in these species, it releases a 

5  Amino Acid Metabolism in the Kidneys: Nutritional and Physiological Significance



74

hormone called erythropoietin in response to cel-
lular hypoxia. Through erythropoietin receptor-
mediated signaling cascades that involve the 
Janus kinase-2 and its downstream proteins, 
phosphoinositide-3 kinase (PI3K)/protein kinase 
A, the extracellular signal-regulated kinase 
(ERK1/2), p38 mitogen-activated protein kinase 
(MAPK), and signal transducer and activator of 
transcription 5 (STAT5), erythropoietin stimu-
lates the bone marrow to produce red blood cells 
(Watowich 2011).

In amniotes, the kidneys efficiently reabsorb 
water from the renal tubules into blood, and 
therefore a relatively small amount of water 
reaches the bladder (Mahasen 2016). Compared 
with terrestrial animals, fish have a special need 
to maintain their internal environment because 
of the constant exposure to external water and 
substances. Freshwater fish have a higher con-
centration of salts in blood than the external 
environment, contributing to the net osmotic 
gain of water and diffusional loss of salts across 
the gills. This conundrum is solved through sev-
eral strategies, including excretion of relatively 
dilute urine, active uptake of salts across the 
gill, and possibly ingestion of more salts in the 
food (Evans 2002). In freshwater fish species, 
the kidneys generally remove, as dilute urine, a 
considerable amount of water that passively 
enters the body via the gill. This dilute urine is 
almost completely composed of water. 
Freshwater fish species have a good size of the 
renal corpuscle and hence a high water output. 
On the contrary, in marine fish, the renal cor-
puscle is small or absent and the renal tubule is 
short, thereby minimizing the glomerular infil-
tration of blood and conserving water as well as 
minimizing the reabsorption of salts by the renal 
tubules and producing a urine with concentrated 
salts (Mahasen 2016). In marine fish, excessive 
salts are removed largely through the kidneys. 
Of particular note, cartilaginous fishes (sharks, 
skates, rays, and chimaeras) have an ability to 
adapt a high-salinity marine environment 
through a unique urea-based osmoregulation 
strategy, as their kidneys reabsorb nearly all of 
the filtered urea in the primary urine (Hyodo 
et al. 2014).

In fish, each  kidney contains two segments: 
the anterior (head) and the posterior (trunk). The 
filtration and urine-forming functions are carried 
out by the posterior kidney, as noted previously. 
In contrast to mammals and birds, fish lack bone 
marrow, lymph nodes, and adrenal gland but pos-
sess the head kidney to serve as a hematopoietic, 
lymphoid and endocrine organ for the production 
of erythrocytes (red blood cells), cytokines, anti-
bodies, and some hormones (Shoemaker et  al. 
2015). Thus, hematopoiesis occurs in the head 
kidney in fish, instead of the bone marrow in 
postnatal mammals and birds. In addition, the 
head kidney plays an important role in both 
innate and adaptive immunities in fish (see Sect. 
5.7). Furthermore, the head kidney of fish pro-
duces glucocorticoids from cholesterol, as well 
as catecholamines and thyroid hormones from 
tyrosine. Thus, in fish, the kidney has a high met-
abolic rate (including AA catabolism and ATP 
production) to support its integrated hematopoi-
etic, immune, and endocrine functions.

5.4	 �Amino Acid Transporters 
in the Kidneys

Tissues in the kidney receive AAs that are sup-
plied from the arterial blood. In addition, epithe-
lial cells of the renal tubule reabsorb free AAs 
from its lumen (the AAs that are filtered through 
the glomerulus) into the blood. These processes 
require specific AA transporters and play an 
important role in maintaining AA homeostasis in 
plasma (Verrey et  al. 2005, 2009). Generally, 
AAs are transported across the plasma membrane 
via: (1) simple diffusion (passive and nonsatura-
ble), (2) Na+-independent systems (facilitated 
diffusion), and (3) Na+-dependent systems (active 
transport). Some Na+-dependent transport pro-
teins can use Li+ instead of Na+, and a few of AA 
transport proteins are H+-driven. In the kidney, 
AA transporters are highly expressed in the lumi-
nal brush border membrane of the proximal seg-
ments of the renal tubule (Palacín et  al. 1998; 
Verrey et  al. 2009). On the basis of sequence 
similarity, AA transporters are grouped into sol-
ute carrier (SLC) families (Table 5.1). For exam-
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ple, B0AT1 (SLC6A19), XT2 (SLC6A18) and 
IMINO (SLC6A20) systems transport neutral 
AAs from the lumen of the renal proximal tubule 
into its epithelial cells (Bröer 2006, 2008; Verrey 
et al. 2009). Moreover, H+-dependent transport-
ers, such as PAT1 (SLC36A1) and PAT2 
(SLC36A2), have been identified in the kidney 
(Daniel et al. 2006). Besides, cationic AAs (e.g., 
arginine, ornithine and lysine) are taken up by 
cationic AA transporters in a Na+-independent 
manner. The cystine transporter consists of a cat-
alytic subunit of the SLC7 family and a disulfide-
linked accessory subunit referred to as a heavy 
chain called rBAT [related to neutral and basic 
(b0,+) AA transporter; SLC3A1; Verrey et  al. 
2009]. Mutations in the SLC3A1 gene result in 
cystinuria that is characterized by high concen-
trations of cystine (an AA with a very low solu-
bility in water) in the urine, leading to the 
formation of cystine stones in the kidneys, ureter, 
and bladder. The transport of anionic AAs (e.g., 
glutamate and aspartate) requires the Na+-
dependent transporters (EAAT1, EAAT2 and 
EAAT3). Competition of the transport of AAs by 
the cell occurs when they are structurally similar 
(e.g., among large neutral AAs, basic AAs, acidic 
AAs, small neutral AAs, or β-AAs).

5.5	 �Amino Acid Metabolism 
in the Kidneys

5.5.1	 �Gluconeogenesis

Gluconeogenesis is the metabolic pathway for 
the synthesis of glucose from non-glucose sub-
strates, such as lactate, pyruvate, glycerol, and 
gluconeogenic AAs. A major function of gluco-
neogenesis is to provide the body with glucose in 
response to physiological needs. There are four 
rate-controlling reactions in gluconeogenesis that 
are catalyzed by pyruvate carboxylase, phospho-
enolpyruvate carboxykinase (PEPCK), fructose-
1,6-bisphosphatase (FBPase), and 
glucose-6-phosphatase (G6Pase). All of these 
enzymes are present in the kidneys of rats 
(Anderson and Stowring 1973), chickens (Shen 
and Mistry 1979; Watford et  al. 1981), humans 
(Møller et al. 2000), and some fish species (Knox 
et  al. 1980; Kirchner et  al. 2008; Kumar et  al. 
2010). PEPCK and G6Pase are mainly expressed 
in the proximal tubules (Pollock 1989; Sun et al. 
2002). Moreover, FBPase and PEPCK are co-
localized in the kidney and liver, which contrib-
uted almost equally to glucose synthesis in 
fasting humans (Yánez et  al. 2003). Similar to 
other animals, the gluconeogenic enzymes are 

Table 5.1  Transporters of amino acids in kidneys

Gene Protein Cotransport Predominant substrate Affinity
SLC6A19 B0AT1 Na+ Neutral amino acids Low
SLC6A15 B0AT2 Na+ Pro, Leu, Val, Ile, and Met High
SLC6A18 XT2 Na+ Gly and Ala High
SLC6A20 IMINO or XT3 Na+ or Cl Pro, Cys, Ala, Leu, Met, Phe, and Gly Medium
SLC36A1 PAT1 H+ Gly, Ala, Pro Low
SLC36A2 PAT2 H+ Gly, Ala, Pro Medium
SLC3A1/SLC7A9 rBAT / b0, + AT Cationic amino acids or Cys High
SLC1A2 EAAT2 Na+, H+, K+ Glu, Asp High
SLC1A1 EAAT3 Na+, H+, K+ Glu, Asp High
SLC38A4 SNAT4 Na+ Gly, Ala, Ser, Cys, Gln, Asn, and Met Medium
SLC1A4 ASCT1 Na+ Ala, Ser, and Cys High
SLCA5 ASCT2 Na+ Ala, Ser, Cys, Thr, and Gln High
SLC3A2/SLC7A10 4F2 hc/asc1 Gly, Ala, Ser, Cys, and Thr High
SLC6A6 TauT Na+, Cl Tau, β-Ala High

SLC16A10 TAT1 Trp, Tyr and Phe Low
SLC3A2/SLC7A7 4F2hc/y+LAT1 Na+ (symport with AA) Arg, Lys, Gln, His, Met and Leu High
SLC3A2/SLC7A6 4F2hc/y+LAT2 Na+ (symport with AA) Arg, Lys, Gln, His, Met and Leu High

Adapted from Boll (2004); Bröer (2006 and 2008), and Wu (2013a)
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expressed mainly in the liver and kidneys of fish 
species, and gluconeogenesis does not occur in 
skeletal muscle (Knox et al. 1980). In the kidneys 
of some species, whether AAs are the substrates 
for glucose synthesis depends on the intracellular 
location of PEPCK (Wu 2013a). As reported for 
chickens (Watford et  al. 1981), the presence of 
PEPCK in the cytoplasm allows for the genera-
tion of NADH from glucogenic AAs and, there-
fore, the production of glucose from the AAs.

The mammalian kidneys synthesize glucose 
and release it into the blood circulation under var-
ious physiological conditions (Gerich 2010). In 
the post-absorptive state, renal gluconeogenesis 
(primarily from glutamine) contributes 20–25% 
of glucose production in adult humans (Stumvoll 
et  al. 1999), and the kidneys release nearly the 
same amount of glucose into the circulation as the 
liver (Mitrakou 2011). In contrast, the contribu-

tion of alanine to gluconeogenesis occurs almost 
exclusively in the liver (Stumvoll et al. 1998). In 
the body, the production of new glucose mole-
cules occurs mainly through gluconeogenesis in 
the kidneys and liver, and to a lesser extent via 
glycogenolysis in the liver and skeletal muscle 
(Stumvoll et al. 1997). In all animals, the kidney 
contains very little glycogen and, therefore, pro-
duces little glucose through glycogenolysis 
(Stumvoll et al. 1997; Gerich 2010).

Not all AAs are used for endogenous glucose 
synthesis (Wu 2013a). Generally, AAs are classi-
fied as “glucogenic” or “ketogenic” based on the 
type of intermediates that are formed from their 
metabolism. Glucogenic AAs are converted into 
either pyruvate or one of the intermediates in the 
Krebs cycle. Leucine and lysine are strictly keto-
genic AAs because they are catabolized to acetyl 
CoA (Fig.  5.1). The kidneys synthesize glucose 

Fig. 5.1  The ketogenic and glucogenic- amino acids 
metabolism in animals. Amino acids with red color: keto-
genic only; Amino acids with green color: both gluco-
genic and ketogenic; Amino acids with black color: 

glucogenic only. G6Pase, glucose-6-phosphatase; PCL 
pyruvate carboxylase, PEPCK, phosphoenolpyruvate car-
boxykinase; PEP phosphoenolpyruvate, “----“denotes 
glucogenic reactions
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from many AAs, but glutamine,  alanine,  gluta-
mate, aspartate, proline, ornithine and arginine 
are the main AA substrates for the renal gluconeo-
genesis (Krebs et  al. 1963). A mixture of AAs, 
pyruvate, lactate, and glycerol at normal plasma 
concentrations can support renal gluconeogenesis 
at an initial rate of about 0.6 μmol/min per g of 
kidney (Bowman 1970). As noted previously, the 
kidney is the major organ for gluconeogenesis 
from AAs in birds (Watford et al. 1981) and con-
tributes to about 30% of the glucose produced in 
the starved chickens (Tinker et  al. 1986). Renal 
gluconeogenesis is species-dependent. For exam-
ple, high expression levels of FBPase and PEPCK 
are present in the kidneys and liver of some fish 
species (e.g., cod, salmons and trout), and glucose 
is produced from AAs (e.g., alanine and gluta-
mine) in their kidneys and liver (Moon and Foster 
1995; NRC 2011). However, in many fish species, 
the kidney lacks PEPCK and is not capable of glu-
coneogenesis from any potential substrates (Moon 
and Foster 1995).

Renal gluconeogenesis is regulated by some 
hormones. Insulin, growth hormone, cortisol, 
and catecholamines influence renal glucose 
release in the mammalian kidneys (Wirthensohn 
and Guder 1986; Schoolwerth et al. 1988). For 
example, expression of renal gluconeogenic 
genes in mice is inhibited by both insulin and 
glucose reabsorption via the inactivation of 
FoxO1 and PGC1α, respectively (Sasaki et  al. 
2017). The regulation of gluconeogenesis from 
glutamine by insulin and glucose also occurs in 
the kidneys of humans (Stumvoll et  al. 1999). 
All of the metabolic pathways for renal glucose 
synthesis and whole-body homeostasis of glu-
cose are altered in patients with diabetes mellitus 
(Gerich 2010). Patients with T2DM have an 
increased release of glucose into the circulation 
by the kidneys in the fasting and postprandial 
states, which impairs glucose homeostasis and 
leads to hyperglycemia (Triscari et  al. 1979; 
Meyer et al. 1998). Epinephrine, norepinephrine, 
and prostaglandin E-2 (PGE2) also regulate glu-
coneogenesis in fish (Enes et  al. 2009). Some 
fish species have poor regulation of gluconeo-
genesis in response to starch intake, which may 
result from relatively high concentrations of glu-
cogenic AAs in the diets (NRC 2011).

5.5.2	 �Glutamine and Glutamate

Glutamine is the one of the most important free 
AAs in the blood of humans and numerous ani-
mal species, and plays key roles in diverse physi-
ological processes, including the syntheses of 
DNA, RNA, protein, aminosugars, NAD, and 
glucose (Wu 2013a). In the kidney, glutamine 
catabolism is initiated via four enzymes: (1) 
phosphate-activated glutaminase, (2) glutamine 
transaminases K and L, (3) glutamine:fructose-6-
phosphate transaminase, and (4) carbamoylphos-
phate synthase-II.  Among these pathways, 
glutaminase contributes to most of glutamine 
degradation, which produces glutamate and NH4

+ 
primarily in the proximal tubule. (Welbourne 
1974). Glutamate is catabolized by glutamate 
dehydrogenase to NH4

+ and α-ketoglutarate 
(α-KG). The latter enters the Krebs cycle for oxi-
dation to CO2 and water. Overall, the complex 
oxidation of one mole of glutamine generates two 
moles of NH4

+ and 2  mol of HCO3
−. NH4

+ is 
directly excreted into the lumen of the renal 
tubule through the apical NHE3 (sodium-
hydrogen exchanger-3), whereas HCO3

− is 
returned into the blood by crossing the basolat-
eral membrane via the electrogenic sodium-
coupled bicarbonate co-transporter (Weiner et al. 
2015). In the kidneys, about 50% of NH4

+ is reab-
sorbed into the blood primarily by the thick 
ascending limb of the loop of Henle via the apical 
membrane Na+-K+-2Cl− symporter (NKCC2) and 
NH4

+ transporter and the basolateral membrane 
NHE4 (Fig.  5.2). Similar mechanisms are also 
present in fish species (Claiborne et  al. 1982; 
Evans and Cameron 1986). Because of the renal 
reabsorption, only about 59% of the ammonia 
produced by the kidneys appears in the urine. 
Ammonia accounts for about 10% of total renal 
nitrogen excretion under basal conditions, but 
can increase substantially under a variety of clini-
cal conditions such as acidosis, infections, man-
ganese deficiency, urea cycle defects, and 
excessive intake of dietary protein or AAs (Wu 
2013a).

The reabsorption of bicarbonate (HCO3
−) and 

excretion of hydrogen ions (H+) in the kidneys 
play an important role in maintaining the acid–
base balance (Vercoutère et al. 2004). This can be 
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achieved partly via: (1) the regulation of gluta-
mine uptake through the apical Na+-dependent 
neutral AA transporter-1 and the basolateral 
Na+-coupled neutral AA transporter-3 (Weiner 
et al. 2015); and (2) expression of glutaminase. 
Under acidotic conditions, glutaminase activity, 
along with the uptake and catabolism of gluta-
mine by the kidney, is greatly enhanced to gener-
ate NH3 for removing excess H+ as NH4

+ (Wu 
2013a). In rats, acidotic kidneys extract gluta-
mine and produce NH3 at rates that are 4–5 times 
greater than those in nonacidotic kidneys 
(Welbourne 1974). An inhibition of glutamine 
synthetase contributes to an increase in intracel-
lular ammonia concentration in the kidneys of 
acidotic rats (Hems 1972). In contrast, in response 
to alkalosis, the kidneys excrete more HCO3

− by 
decreasing H+ secretion from the tubular epithe-

lial cells as well as the rates of glutamine catabo-
lism and ammonium excretion (Fig. 5.2).

Besides the kidneys, the gut and skeletal mus-
cle also play an important role in inter-organ 
metabolism of glutamine, which is a major sub-
strate for endogenous synthesis of citrulline and 
arginine in most mammals (Fig.  5.3). Although 
the small intestine takes up glutamine from the 
arterial blood at all times albeit at different rates, 
the liver either releases or takes up glutamine 
depending on various physiological conditions 
(Welbourne 1987). For example, in acidotic ani-
mals, the release of glutamine by skeletal muscle 
is enhanced, the liver becomes a net producer of 
glutamine, and the uptake of arterial glutamine 
by the small intestine is reduced, resulting in an 
increased provision of glutamine for ammonia-
genesis in the kidneys. Studies with rats have 

Fig. 5.2  Integrated overview of renal ammonia metabo-
lism. Renal ammoniagenesis occurs primarily in the prox-
imal tubule, involving glutamine uptake, glutamine 
metabolism forming ammonium and bicarbonate, and api-
cal NH4

+ (H+) secretion. Note: ammonia reabsorption in 

the thick ascending limb, involving apical NKCC2-
mediated uptake results in medullary ammonia accumula-
tion. Ammonia is secreted in the collecting duct via 
parallel H+ and NH3 secretion. α-KG, α-ketoglutarate
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shown that skeletal muscle and liver contribute 
about 55% and 45%, respectively, of the gluta-
mine extracted by the kidneys during chronic aci-
dosis (Schrock and Goldstein 1981). In contrast 
to mammals, the skeletal muscle of some fish 
(e.g., holostean and teleost fish) does not appear 
to have a net synthesis of glutamine due to a 
greater activity of glutaminase than glutamine 
synthetase (Chamberlin et  al. 1991). However, 
this does not necessarily mean a lack of net gluta-
mine synthesis by the skeletal muscle of aquatic 
animals because of the complex intracellular 

compartmentation of these two enzymes. In sup-
port of this view, Zhou et al. (2018) reported that 
the skeletal muscle of hybrid striped bass synthe-
sized glutamine from branched-chain AAs as the 
amino-group donors and release glutamine from 
the tissue.

As in mammals and birds, glutamine is also 
crucial for the renal regulation of acid-base bal-
ance in fish (Li et al. 2020). The activities of both 
glutaminase and glutamine synthetase are high in 
the kidneys of holostean and teleost fish 
(Chamberlin et  al. 1991). There is a metabolic 

Fig. 5.3  Arginine synthesis in most mammalian animals. 
The small intestine of most mammals (including humans, 
pigs, cattle, sheep, and rats) converts glutamine and pro-
line into citrulline, and releases citrulline into the blood. 
In adult mammals, the kidneys are the major site for the 
synthesis of arginine from citrulline. Birds lack an ability 
to form citrulline from glutamine or proline, but their tis-
sues (including the kidneys are capable of converting 
citrulline into arginine. At present, little is known about 
endogenous synthesis of arginine in aquatic animals (e.g., 
fish and shrimp). Note: there is no net synthesis of argi-

nine by the liver under physiological conditions. The con-
version of glutamine and glutamate into citrulline occurs 
exclusively in the mitochondria of enterocytes. Arginine is 
mainly formed from citrulline in the cytoplasm of almost 
all cell types. ASL argininosuccinate lyase, ASS arginino-
succinate synthase, NAG N-acetylglutamate, OAT orni-
thine aminotransferase, OCT ornithine 
carbamoyltransferase, PO proline oxidase, PDG 
phosphate-activated glutaminase, P5CS pyrroline-5-
carboxylate synthase. This figure is adapted from Wu 
(2013a, b)
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channeling between glutaminase and glutamine 
synthetase in the kidneys of the dogfish shark to 
regulate their ammonia production (King and 
Goldstein 1983). This pathway involves the 
increased uptake of glutamine in the arterial 
blood by the kidneys and the increased degrada-
tion of glutamine into ammonia and α-KG during 
acidosis. However, the majority of ammonia and/
or urea is excreted across the gills rather than 
through the kidney in most fish species (Ip et al. 
2001). Both Na+/H+ exchange and vacuolar-type 
H+-ATPase are present in the epithelium of gills 
to export H+ from the fish to the environment 
(Cameron and Kormanik 1982). The gills gener-
ally excrete much more acids from the body than 
the kidneys during acidosis, but the renal reab-
sorption of HCO3

− is required in the systemic 
regulation of acid-base balance as noted previ-
ously (Perry et al. 2003).

5.5.3	 �Arginine and Nitric Oxide (NO) 
Production

Arginine is a basic AA in physiological fluids and 
a precursor for the syntheses of proteins, NO, 
urea, polyamines, proline, glutamate, creatine 
and agmatine (Wu and Morris 1998; Wu et  al. 
2009). The metabolism and functions of arginine 
has been well summarized (Morris Jr. 2016; Wu 
et al. 2009, 2016). In adult mammals, the endog-
enous synthesis of arginine involves the intestinal-
renal axis (Reyes et  al. 1994; Wu and Morris 
1998; Brosnan and Brosnan 2004). Specifically, 
citrulline is synthesized from glutamine, gluta-
mate and proline in the mitochondria of entero-
cytes, released from the small intestine, and taken 
up primarily by kidneys for arginine production. 
About 85% of the gut-derived citrulline is taken 
up by the kidneys for quantitative conversion into 
arginine, which is then released into the renal 
vein (Brosnan and Brosnan 2004). In neonates, 
most of the citrulline synthesized in enterocytes 
is converted locally into arginine (Wu and Knabe 
1995; Wu 1997). In cats, the small intestine does 
not produce citrulline due to the deficiency of 
pyrroline-5-carboxylate (P5C) synthase, and 
therefore there is no de novo synthesis of arginine 

(Rogers and Phang 1985). For fish, the endoge-
nous synthesis of arginine is likely limited (NRC 
2011), but no information is available regarding 
P5C synthase activity in any of their tissues. It 
should be borne in mind that a lack of the hepatic 
urea cycle is not the reason for possible absence 
of de novo arginine synthesis in some fish. The 
fact that cats and possibly many species of fish 
have survived without the ability to synthesize 
arginine may be attributed to their usual con-
sumption of animal-source foods (containing 
high-arginine content) as carnivores.

In the kidneys of mammals and birds, citrul-
line is readily converted into arginine via 
argininosuccinate synthetase and argininosucci-
nate lyase, which are localized in their proximal 
tubule (Silbernagl 1988; Brosnan and Brosnan 
2004). An adult human produces about 2 g argi-
nine/day, which is 40%–50% of 4–5 g of dietary 
arginine intake per day (Brosnan and Brosnan 
2004). The kidneys have a high capacity for con-
verting citrulline into arginine but arginine syn-
thesis is limited in vivo by the rate of delivery of 
citrulline (Dhanakoti et al. 1990). It is unknown 
whether the kidneys can convert citrulline into 
arginine in aquatic animals (e.g., fish).

Production of arginine by the kidneys is 
important for the health of animals. This amino 
acid has versatile physiological functions directly 
or indirectly through its metabolites (e.g., NO, 
agmatine, and ornithine; Wu 2013a,b). As a sig-
naling molecule, NO regulates blood flow, angio-
genesis, embryogenesis, immune response, 
hormone secretion, and protein synthesis (Wu 
2013a). Interestingly, the concentration of argi-
nine in plasma declines as the aging kidneys 
develop progressive injury, which could contrib-
ute to endothelial dysfunction and decreased NO 
production in chronic renal disease (Baylis and 
Corman 1998). An increase in renal arginine pro-
duction may serve to sustain systemic NO pro-
duction in response to endotoxemia (Hallemeesch 
et al. 2002). As a result, arginine may be regarded 
as a nutritionally essential amino acid for aging 
subjects, and dietary supplementation with argi-
nine may be required to maintain sufficient sub-
strate levels for NO production (Weinstein and 
Anderson 2010). The reduced NO-generating 
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capacity in aging subjects may also result, in part, 
from deficiencies of NO synthase and its cofac-
tors such as tetrahydrobiopterin and NADPH 
(Mistry et al. 2002; Delp et al. 2008).

5.5.4	 �Methylarginine and Sulfur AA 
Metabolism

Dimethylarginines, such as asymmetric dimethy-
larginine (ADMA), NG-monomethyl-l-arginine 
(NMMA) and symmetrical dimethylarginine 
(SDMA), result from the degradation of methyl-
ated proteins (Wu 2013a). Production of NO 
from arginine is reduced by ADMA and NMMA 
(competitive inhibitors of NOS) as well as SDMA 
(an inhibitor of arginine transport) (Tsikas et al. 
2018). The kidneys play an important role in the 
metabolism and disposal of these endogenous 
arginine analogues (Van De Poll et  al. 2004). 
Moreover, the kidneys have an ability to degrade 
ADMA and NMMA to citrulline via NG-
dimethylarginine dimethylaminohydrolase. 
Renal excretion also plays a role in the elimina-
tion of endogenous dimethylarginines. In 
humans, approximately 4.5% of the ADMA gen-
erated in the body is excreted in the urine, and the 
remainder is metabolized by the kidneys and 
liver (Ogawa et al. 1987; Van De Poll et al. 2004). 
Concentrations of free NMMA, ADMA, and 
SDMA in the plasma are low in healthy subjects 
(<1 μM) (Wu 2013a). However, renal dysfunc-
tion elevates ADMA or NMMA levels, thereby 
inhibiting NO synthesis, impairing endothelial 
function, and promoting atherosclerosis (Sibal 
et al. 2010; Cooke and Ghebremariam 2011).

Arginine methylation reactions involve the 
modification of guanidino N atoms and require 
S-adenosylmethionine (SAM), which is a 
metabolite of methionine (Wu 2013a). In mam-
mals, the kidneys play an important role in sulfur 
AA metabolism (Fig. 5.4). In the reaction cata-
lyzed by protein arginine N-methyltransferase, 
SAM is converted into S-adenosylhomocysteine 
(SAHC). The latter is also a metabolic precursor 
of homocysteine in tissues. Garibotto et al. (2010) 
suggested that the mammal kidneys have a good 

ability to remove SAHC, but not homocysteine 
from the bloodstream. Thus, elevated concentra-
tions of SAHC in the whole blood are associated 
with renal dysfunction, and SAHC may modulate 
one-carbon flux (Stam et al. 2004). Considering 
that SAHC is a feedback inhibitor of most meth-
yltransferases, the kidneys may play a major role 
in the control of the overall transmethylation 
rates and the circulating levels of homocysteine. 
Moreover, homocysteine may also inhibit NG-
dimethylarginine dimethylaminohydrolase, caus-
ing ADMA to accumulate and suppressing NO 
synthesis (Stühlinger et  al. 2001; Holven et  al. 
2003). This could impair endothelium-mediated 
NO-dependent vasodilatation. Of note, the regen-
eration of methionine from homocysteine is regu-
lated by the one carbon cycle which is mediated 
by nutrients, such as folic acid, vitamin B12, and 
vitamin B6. Thus, dietary supplementation with 
these vitamins can reduce blood homocysteine 
levels and provide an effective therapy to improve 
outcomes in patients undergoing coronary angio-
plasty (Schnyder et al. 2002). In addition, intake 
of plant-source proteins, which contain less 
methionine and cysteine than animal-source pro-
teins (Hou et al. 2019; Li and Wu 2020), may be 
beneficial for patients with hepatic and renal dis-
eases who have a reduced ability to metabolize 
homocysteine or excrete this metabolite in urine.

5.5.5	 �Creatine Synthesis

In mammals and birds, the kidneys participate in 
the inter-organ synthesis of creatine from argi-
nine, glycine, and methionine (Fig.  5.5). This 
metabolic pathway requires arginine:glycine 
amidinotransferase (AGAT) and guanidinoace-
tate N-methyltransferase (GAMT) (Silva et  al. 
2014). AGAT transfers the guanidino group from 
arginine to glycine to produce guanidinoacetate 
and ornithine. This enzyme is expressed primar-
ily in the renal tubule, pancreas, and to much 
lesser extent, in the liver and other tissues (Wu 
2013a). The kidneys are the major site for the 
production of guanidinoacetate in mammals and 
birds, as the renal activity of AGAT is the primary 
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determinant of in vivo creatine synthesis (Wyss 
and Kaddurah-Daouk 2000). The liver takes up 
guanidinoacetate from the blood and converts 
this metabolite into creatine via GAMT, which 
requires SAM as the cofactor. In skeletal muscle, 
creatine is spontaneously degraded to creatinine, 
which is excreted in the urine. The lost creatine 
must be replaced from diets or de novo synthesis 
to maintain its total pool in the body (Barcelos 
et al. 2016). In rats, the kidneys produce a suffi-
cient quantity of guanidinoacetate to replace cre-
atinine lost in the urine (Silva et  al. 2014). A 
70-kg healthy adult synthesizes 1.7 g creatine per 
day from 2.3 g arginine, 1.0 g glycine, and 2.0 g 
methionine (Wu and Morris 1998) to match the 
daily irreversible loss of creatine (1.7 g/day) as 

creatinine via the urine (Stead et al. 2006; Edison 
et al. 2007).

In contrast to mammals and birds, skeletal 
muscle is the organ for de novo creatine synthesis 
in fish. Borchel et  al. (2014) reported that: (a) 
AGAT is nearly absent from the kidneys of the 
rainbow trout, (b) GAMT is weakly expressed in 
their liver, and (c) both AGAT and GAMT are 
strongly expressed in their skeletal muscle. 
Similar results were obtained for other four spe-
cies of fish: maraena whitefsh (Coregonus 
maraena), pikeperch (Sander lucioperca), 
European perch (Perca fuviatilis), and the 
Atlantic herrings (Borchel et al. 2019). Thus, in 
the skeletal muscle of fish, the guanidinoacetate 
generated by AGAT is locally used for creatine 
production by GAMT. In these aquatic animals, 

Fig. 5.4  The methylarginines and sulfur amino acid 
metabolism pathway in animals.  Taurine is synthesized 
from cysteine in the liver of most mammals (except for 
cats and possibly some of the other carnivores) and birds. 
Taurine plays important roles as an antioxidant and as 
well as a regulator of cell signaling and metabolism in the 

kidneys. ADMA asymmetric dimethylarginine, DDAH, 
NG-dimethylarginine dimethylaminohydrolase; H4-folate, 
tetrahydro-folate; NMMA NG-monomethyl-l-arginine, NO 
nitric oxide, PRMTs, protein arginine methyltransferases; 
SAM S-adenosyl-L-methionine, SAH S-adenosyl-L-
homocysteine, SDMA symmetrical dimethylarginine
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besides the skeletal muscle, the kidneys also 
strongly express GAMT (Borchel et  al. 2014, 
2019) and, therefore, are capable of converting 
diet- and blood-derived guanidinoacetate into 
creatine.

In mammals, creatine synthesis is regulated 
by the availability of substrates and renal AGAT 
activity. Studies with rats have shown that the 
expression of this enzyme at the pre-translational 
level is down-regulated by dietary creatine intake 
but up-regulated by growth hormone (McGuire 
et al. 1984; Guthmiller et al. 1994; Edison et al. 
2007). Thus, dietary supplementation with cre-
atine to rats decreases renal AGAT mRNA levels 
and activity as well as the production of guanidi-
noacetate by the kidneys (Edison et al. 2007). In 
addition, AGAT is inhibited by ornithine (Sipilä 
1980) but activated by arginine (Edison et  al. 
2007). Therefore, arginine supplementation 

enhances the production of guanidinoacetate and 
creatine (Edison et al. 2007), which is beneficial 
for endothelial function (Bodamer et  al. 2005). 
At present, little is known about creatine biosyn-
thesis in fish.

The main function of creatine is to store 
energy in tissues, primarily skeletal muscle and 
brain, via creatine kinase, which interconverts 
creatine and phosphocreatine (Brosnan and 
Brosnan 2016). This enzyme is expressed at high 
levels in most of the cells and tissues that have 
high energy requirements, including the brain, 
kidneys, retinal photoreceptor cells, spermato-
zoa, testis, uterus, placenta, sensory hair cells of 
the inner ear, as well as skeletal, cardiac, and 
smooth muscles (Wu 2013a). Because of the 
action of creatine kinase, the concentration of 
ATP in the brain varies little despite large and 
rapid changes in turnover rates (Kekelidze et al. 

Fig. 5.5  The synthesis of creatine in animals: Creatine is 
synthesized from arginine, glycine, and methionine in ani-
mals via inter-organ cooperation. The creatine can be fur-

ther converted into creatinine in skeletal muscle. AGAT 
arginine:glycine amidinotransferase
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2001). For example, the rate of the creatine 
kinase-catalyzed reaction rapidly increases with 
increased ATP demand (e.g., in seizures) but 
decreases with decreased ATP synthesis (e.g., 
hypoxia). In a resting state, skeletal muscle trans-
fers excessive ATP to creatine, generating phos-
phocreatine; in a physically active state, skeletal 
muscle hydrolyzes phosphocreatine, releasing 
energy. Approximately 95% of creatine plus 
phosphocreatine in the body is present in skeletal 
muscle and brain, indicating the importance of 
creatine in maintaining ATP homeostasis.

5.5.6	 �Tyrosine Synthesis

The sources of tyrosine can be diets, protein 
breakdown, and phenylalanine hydroxylation. 
The liver and kidneys express phenylalanine 
hydroxylase, which irreversibly converts phenyl-
alanine into tyrosine (Hufton et  al. 1995). In 
female rats, the kidney (and the liver) is devoid of 
phenylalanine hydroxylase on Day 20 of gesta-
tion, but at birth contains 20% of the adult activ-
ity (McGee et al. 1972). In contrast to the liver, 
the kidneys have a limited ability to degrade tyro-
sine (Møller et  al. 2000; Boirie et  al. 2004). In 
adults, the kidneys extract phenylalanine from 
the blood and release tyrosine (Kopple 2007). In 
the post-absorptive state, the human kidneys syn-
thesize an appreciable amount of tyrosine from 
phenylalanine at the rate of 5.2 μmol/min, com-
pared with the rate of 3.0  μmol/min in the 
splanchnic bed (the portal-drained viscera plus 
liver; Møller et al. 2000). Humans and other ani-
mals (e.g., dogs and rats) with renal and hepatic 
disease may be at risk for phenylalanine over-
loading and tyrosine deficiency (Møller et  al. 
2000; Kopple 2007), raising the possibility that 
tyrosine is a nutritionally essential AA under 
these conditions (e.g., end-stage renal disease; 
Kopple 2007). The rate of conversion of phenyl-
alanine into tyrosine is approximately 50% lower 
in patients with end-stage renal disease in com-
parison with healthy subjects (Boirie et al. 2004). 
Tyrosine has important physiological functions, 
including the syntheses of thyroid hormones and 
neurotransmitters (Wu 2013a,b). In chronic kid-

ney failure, the concentrations of tyrosine and the 
ratio of tyrosine/phenylalanine are reduced in 
plasma and many tissues, with either no change 
or an increase in phenylalanine concentrations 
(Kopple 2007).

5.5.7	 �Glycine and Serine Synthesis

Glycine plays an important role in metabolic reg-
ulation, anti-oxidative reactions, and neurologi-
cal function, such as (1) preventing tissue injury; 
(2) enhancing anti-oxidative capacity; (3) pro-
mote protein synthesis and wound healing; (4) 
improving immunity; and (5) treating metabolic 
disorders in obesity, diabetes, cardiovascular dis-
ease, ischemia-reperfusion injuries, cancers, and 
various inflammatory diseases (Wang et al. 2013; 
Wang et  al. 2014a,b). Typical intake of dietary 
glycine meets at most 20% and 14% of daily gly-
cine needs in young pigs (Hou et al. 2015a) and 
adult humans (Wu 2020b). Thus, these mammals 
must synthesize a majority of glycine needed 
daily to ensure their optimal health, growth, and 
feed efficiency (Li and Wu 2018). Available evi-
dence shows that glycine is a nutritionally essen-
tial AA for maximal protein accretion in milk-fed 
piglets (Wang et al. 2014a).

The pathways for glycine synthesis via differ-
ent sources are summarized in Fig. 5.6. In rats, 
the metabolism of hydroxyproline by the kidneys 
may contribute to a significant production of both 
glycine and serine. All the enzymes (hydroxypro-
line oxidase, hydroxyoxoglutarate aldolase, and 
alanine glyoxalate transaminase) involved in the 
metabolism of hydroxyproline to glycine are 
present in the kidneys and cortical tubules (Lowry 
et  al. 1985). Alanine-glyoxylate aminotransfer-
ase is responsible for the nearly irreversible 
transfer of the amino group from alanine to gly-
oxylate, yielding glycine and pyruvate (Wang 
et  al. 2013). Therefore, the rate of hydroxypro-
line metabolism is increased by alanine as a 
nitrogen donor (Lowry et  al. 1985). Wu et  al. 
(2019) have estimated that dietary plus 
endogenously-derived hydroxyproline contrib-
utes to most (64%) of the total glycine synthesis 
in 7-day-old pigs, whereas glucose plus gluta-
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mate contributes to ~25% of total glycine synthe-
sis in the neonates. Consistent with this view, 
milk and plasma contain large amounts of 
hydroxyproline-rich small peptides (Hu et  al. 
2017).

There are multiple pathways to degrade gly-
cine in mammals and birds (Coon et al. 1974; Wu 
2013a). In the liver and kidneys of these animals, 
glycine can be converted into serine by serine 
hydroxymethyl transferase at a low rate or 
degraded to NH3 and CO2 by glycine cleavage 
system (GCS) at a higher rate, with the regenera-
tion of tetrahydrofolate. The low activities of 
renal GCS and serine hydroxymethyl transferase 
are necessary for the net production of glycine by 
the kidneys (Lowry et al. 1985; Wu et al. 2019). 
Thus, although the kidneys of mammals and 
birds may release serine into the blood circula-
tion, the concentration of serine in plasma is 
enhanced only moderately by dietary glycine 

supplementation (Wang et al. 2013). Interestingly, 
the kidneys of fish have a higher activity of serine 
dehydratase (converting serine into pyruvate and 
NH4

+) as compared with mammals, and are a 
major site for serine catabolism in the body (Jürss 
and Bastrop 1995).

5.5.8	 �Branched-Chain Amino Acid 
(BCAA) Metabolism

BCAAs play an important role in whole-body 
nitrogen metabolism under both physiological 
and pathological conditions (Cano et al. 2006). In 
dogs, the kidneys take up BCAAs (valine, leu-
cine, and isoleucine) after consuming AAs in a 
meal (Kuhlmann and Kopple 1990). In the post-
absorptive state, whole-blood-renal AA 
exchanges are characterized by the release of leu-
cine from the kidneys that accounts for one-third 

Fig. 5.6  The synthesis of glycine and serine from hydroxyproline, choline or D-3-phosphoglycerate. These synthetic 
pathways in mammals, fish and birds are cell- and tissue- specific. SHMT serine hydroxymethyl transferase
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of whole-body leucine production, with no net 
renal exchange for valine or isoleucine (Tizianello 
et al. 1983). This indicates a different metabolic 
fate of leucine than the other two BCAAs in the 
kidneys. The plasma pool of BCAAs in the post-
absorptive state is regulated by their release from 
tissues (e.g., skeletal muscle and kidneys) due to 
proteolysis, their uptakes by the tissues, and their 
oxidation in a tissue-specific manner (Felig 1975; 
Abumrad and Miller 1983; Price et  al. 1998). 
Catabolic factors, such as acidosis and inflamma-
tion, are responsible for increases in intramuscu-
lar protein breakdown and BCAA degradation 
(Kopple et  al. 2005), in association with an 
enhanced activity of branched-chain α-ketoacid 
(BCKA) dehydrogenase (May et  al. 1987; Lim 
et al. 1998). In mammals and birds, BCKAs are 
extensively oxidized to CO2 and water in the kid-
neys due to a high activity of BCKA dehydroge-
nase. Likewise, in fish species, the kidneys seem 
to be important for the catabolism of BCAAs 
because a high activity of BCAA transaminase is 
present in the posterior kidney (Hughes et  al. 
1984). Dietary supplementation with leucine or 
valine increases the activity of BCAA transami-
nase in the posterior kidney of Lake 
trout, Salvelinus namaycush (Hughes et al. 1984). 
Thus, in all animal species studied, the kidneys 
play an important role in regulating whole-body 
BCAA homeostasis.

5.5.9	 �Homoarginine Synthesis

L-Homoarginine (hArg) has an additional −CH2 
group on its main carbon chain than L-arginine. 
Thus, hArg is a structural homologue of arginine. 
Synthesis of hArg by rats and humans was dis-
covered by Ryan and Wells (1964), with the 
major sites of synthesis including the kidneys and 
liver (Ryan et al. 1968, 1969; Hou et al. 2015b). 
Less than 0.025% and < 0.045% of ingested argi-
nine is metabolized to hArg in pigs and rats, 
respectively (Hou et al. 2016). Concentrations of 
hArg in plasma are relatively low (approximately 
2 μM) in healthy humans (Marescau et al. 1985) 
and rats (Hou et al. 2015b), increase up to 20 μM 
in hyperargininemic patients (Marescau et  al. 

1985), and decrease in diabetic mice (Wetzel 
et  al. 2019). The enzyme responsible for hArg 
synthesis in animals is unknown, but there are 
suggestions that mitochondrial arginine:glycine 
amidinotransferase (AGAT) catalyzes the trans-
fer of the amidino group from L-arginine to 
L-lysine to form hArg, with L-ornithine being a 
product (Tsikas and Wu 2015). The concentra-
tions of hArg in the brain, kidney and liver of rats 
are about 1.5, 100 and 115 μM, respectively (Hou 
et al. 2015b). Although AGAT activity in the liver 
is 20 times greater than that in the kidneys, con-
centrations of hArg in the liver are only 15% 
greater than those in the kidneys, possibly due a 
relatively low concentration of arginine in the 
liver (~0.05  mM) as compared with a much 
higher concentration (~1.5 mM) in the kidneys, 
and (b) the possibility of a higher rate of hArg 
catabolism in the liver than in the kidney.

hArg can regulate the metabolism of arginine 
and other nutrients by inhibiting arginine trans-
port across the cell membranes, arginase, as well 
as liver and bone alkaline phosphohydrolases, 
while serving as a substrate for NO synthase 
(Tsikas et al. 2018). Whether hArg has a benefi-
cial or an adverse effect on NO production likely 
depends on cell type, extracellular and intracel-
lular concentrations of arginine, and activities of 
competing pathways for hArg and arginine 
metabolism. There is evidence that low concen-
trations of hArg in plasma are associated with a 
high risk of cardiovascular (Atzler et  al. 2015) 
and renal (Wieczorek-Surdacka et al. 2019) dis-
eases in humans and animals. Accordingly, 
dietary supplementation with hArg [via either 
drinking water (50  mg/L) or a mini-osmotic 
pump (0.72  mg/kg body weight per day)] for 
12  weeks prevents kidney damage in diabetic 
mice (Wetzel et al. 2019).

5.6	 �Benefits of AAs on Renal 
Function

The current recommended protein intake for 
healthy adult humans with minimal physical 
activity is 0.8 to 1.0 g/kg body weight/day (Wu 
2016). Excessive protein intake may promote 
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renal damage by chronically increasing glomeru-
lar pressure and hyperfiltration in mammals 
(Brenner et al. 1982; Martin et al. 2005; Beasley 
et al. 2014). In dogs, transition from a carbohy-
drate meal to a meat meal resulted in a 50–100% 
increase in glomerular filtration rate (GFR; King 
and Levey 1993). High protein intake may accel-
erate renal disease in adults with mild renal insuf-
ficiency or in peritoneal dialysis patients, leading 
to a progressive loss of renal capacity and func-
tion (Johnson et al. 2003; Knight et al. 2003). In 
another study, increased GFR and renal hypertro-
phy as well as hormonal changes occur at moder-
ate rates after the consumption of a high-protein 
diet (e.g., 2.6 g protein/kg body weight/day vs 
0.1 to 0.4 and 1.0 to 1.4 g protein/kg body weight/
day for 2 weeks; King and Levey 1993; Martin 
et  al. 2005). However, an early study indicated 
that glucagon, insulin and growth hormone were 
not involved in an increase of GFR induced by 
protein intake (Bergstrom et al. 1985), indicating 
a complex interplay among nutritional and physi-
ological factors. Reddy et al. (2002) reported that 
consumption of low-carbohydrate and high-
protein diets (19 g carbohydrate and 164 g pro-
tein for the first 2 weeks and 33 g carbohydrate 
and 170  g protein for the subsequent 4  weeks) 
increased risks for stone formation and bone loss, 
compared with a regular (control) diet (285 g car-
bohydrate and 91 g protein). However, interpreta-
tion of this result is confounded because the 
dietary intakes of energy and minerals (including 
calcium) were lower in the high-protein group, 
compared with the control group. Nonetheless, 
dietary protein restriction is a common treatment 
for patients with renal disease by alleviating ure-
mic symptoms due to the better control of hyper-
parathyroidism, hyperphosphatemia and 
hyperkalemia as well as improvements in the epi-
thelial integrity of the renal tubule (Pedrini et al. 
1996; Chauveau et al. 2007). Changes from a low 
to a high intake of dietary protein can allow for 
adaptive alterations in renal size and function 
without adverse effects (Skov et al. 1999). Results 
of clinical studies indicate that consumption of a 
weight-loss diet containing 90–120 g protein per 
day does not affect renal function in overweight 
subjects or in obese adults with type-II diabetes, 

compared with the counterparts consuming 
55–70 g protein per day (Wu 2016). Aquatic ani-
mals naturally require 100–200% greater dietary 
protein than land mammals (Wu 2018), it is 
unclear whether such a high intake of protein 
over a prolonged period of time may adversely 
affect the health of fish and shrimp. Thus, it is 
important to study the roles of AAs not only as 
major metabolic fuels for the kidneys of aquatic 
animals but also as protectors of their renal 
health.

Restricted intakes of dietary protein below 
physiological requirements for AAs  may be 
harmful to health by accelerating the develop-
ment of protein-energy wasting, leading to 
adverse consequences such as malnutrition and 
increased risk for death (Garibotto 1999). 
Protein-energy wasting is a strong predictor of 
the adverse outcomes that are characterized by a 
decline in body protein mass and energy reserves. 
Unfortunately, this metabolic condition is  often 
under-appreciated in early to moderate stages of 
chronic kidney disease (Kovesdy et al. 2013). A 
protein-restricted diet supplemented with some 
AAs or the α-ketoacids or hydroxyacid analogues 
of AAs (e.g., phenylalanine and methionine) may 
have potential beneficial effects on improving 
renal function and survival (Abel, et  al. 1973; 
King and Levey 1993). For example, oral admin-
istration of tyrosine, tyrosine-containing dipep-
tides, or N-acetyl-tyrosine can replete the plasma 
and intracellular pools of tyrosine and improve 
nitrogen balance in chronic renal failure patients 
on a low protein diet (Druml et al. 1989). The AA 
supplements for those patients include valine, 
leucine, isoleucine, phenylalanine, threonine, 
tryptophan, lysine, methionine, tyrosine, and his-
tidine (Alvestrand et al. 1983; Cano et al. 2006). 
Patients with chronic kidney disease on dialysis 
have been recommended to reduce protein intake 
from 1.2 to < 0.8 or even < 0.6 g/kg body weight 
per day (Kalantar-Zadeh et al. 2011). BCAA and 
BCKA supplements may be integrated into a 
therapeutic strategy that includes protein restric-
tion for these subjects (Cano et  al. 2006). 
However, high levels of dietary BCAAs can exert 
a deleterious effect on renal disease and should 
be avoided at all times (Pillai and Verrey 2019).
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Functional AAs hold great promise in preven-
tion and treatment of metabolic diseases, such as 
renal dysfunction (Wu 2013b). A deficiency of 
AAs or glutathione depletion may contribute to 
disturbances in renal structure and function 
(Epstein et al. 1982). An increase in renal blood 
flow in response to a short-term AA infusion can 
protect the kidneys from acute ischemic insults in 
animal models (King and Levey 1993). Glycine 
has a positive effect on reducing medullary injury 
in perfused kidneys (Silva et al. 1991) and mild 
ischemia-reperfusion injury in the kidneys 
in vivo, in part by decreasing initial damage and 
preventing chronic hypoxia (Yin et  al. 2002). 
Thus, glycine can be used to prevent or treat isch-
emic and/or toxin-induced injury to the kidneys. 
Similarity, Baines et  al. (1990) reported that 
small neutral AAs, such as glycine and alanine, 
prevented tubular disruption through their physi-
cochemical effects on stabilizing the tertiary 
structure of membrane proteins. Some AAs play 
a role in the renal cell cycle and apoptosis, func-
tion as osmolytes during the stress response, 
scavenge reactive oxygen species (ROS), and 
modulate blood flow (Chesney et al. 2010). For 
example, taurine reduces oxidant levels in dia-
betic nephropathy (Trachtman et  al. 1995), and 
protects against Cd-induced renal oxidative dam-
ages (Manna et  al. 2009) or cyclosporine A- 
induced hypertension and nephrotoxicity (Hagar 
et al. 2006). In addition, arginine corrects renal 
failure-associated endothelial dysfunction (Hand 
et  al. 1998) and hypertension (Wu et  al. 2000). 
L-Citrulline may also be beneficial for ameliorat-
ing renal disorders, while facilitating the removal 
of ammonia through arginine synthesis by proxi-
mal renal tubules and other cell types.

5.7	 �Functions of AAs 
in the Immune System 
of Fish Kidneys

As noted previously, the anterior (head) kidney is 
an important immune organ in fish, in addition to 
their thymus and spleen. The head kidney con-
tains cytokine-producing T-lymphocytes 
(T-cells), antibody-producing B-lymphocytes 

(B-cells), and ROS-producing macrophages 
(Shoemaker et  al. 2015). Protein synthesis in 
immunocytes require AAs. Our recent studies 
have shown that AAs, such as glutamate and glu-
tamine, are more important energy substrates 
than glucose and fatty acids in the kidneys of fish 
(Jia et al. 2017). These findings indicate an essen-
tial role of the head kidney and AAs in innate and 
adaptive immunities in fish. There are many lines 
of evidence that functional AAs have beneficial 
effects on the immune system of fish via improv-
ing the kidney functions. For example, arginine 
stimulates the proliferation of T-lymphocytes in 
response to mitogens (Ochoa et  al. 2001) and 
increases the number of cell surface receptors in 
fish (Cheng et  al. 2011). In Jian carp, the tran-
script levels of inflammatory response genes in 
the head kidney are up-regulated by increasing 
dietary arginine intake (Chen et  al. 2015). In 
addition, glutamine supplementation improves 
the development of B-cells in the head kidney of 
fish in the head kidney (Hu et al. 2015). Similarly, 
glutamine supplementation promotes the devel-
opment of the head kidney in channel catfish 
(Pohlenz et  al. 2012). Finally, leucine supple-
mentation augments antioxidant activities, 
immune-gene expression, and ant-inflammatory 
responses in the head kidney of Labeo rohita fin-
gerlings (Giri et al. 2015). Thus, AAs and their 
metabolism in the kidneys play an important role 
in mounting immune responses to challenges by 
bacterial, viral, parasitic, and fungal pathogens.

5.8	 �Conclusion and Perspectives

Results from studies with humans and different 
animal species indicate that  the kidneys play a 
vital role in AA metabolism and hemostasis 
through the following mechanisms: the reabsorp-
tion of free AAs and other nutrients by the proxi-
mal tubules into the blood; the production of 
glucose from AAs via gluconeogenesis; regula-
tion of the acid-base balance via the inter-organ 
metabolism of glutamine; the synthesis of argi-
nine from citrulline and the conversion of argi-
nine into NO; the generation of polyamines from 
arginine and ornithine; the generation of tyrosine 
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from phenylalanine; glycine and serine synthe-
ses; the catabolism of BCAAs; the metabolism of 
methylarginines and sulfur AAs; ATP produc-
tion; and immune response. Renal dysfunction 
alters the pathways of AA metabolism and, there-
fore, whole-body AA homeostasis, leading to 
health problems, including excessive muscle pro-
tein breakdown, inflammation, mitochondrial 
dysfunction, impaired immune system, and car-
diovascular diseases (Fig.  5.7). Although a 
reduced intake of protein is usually recommended 
to subjects with chronic renal failure in humans 
and other mammals, moderate supplementation 
with AAs (including valine, leucine, isoleucine, 
phenylalanine, threonine, tryptophan, lysine, 
methionine, tyrosine, histidine, glycine, gluta-
mine, and taurine) may provide a beneficial effect 
to meet physiological requirements.

Most of the knowledge on renal AA metabolism 
was gained from studies with land mammals and 
birds. At present, little is known about AA synthesis 
or catabolism in the kidneys of fish. In aquatic ani-
mals, the nutritional values of AAs are often evalu-

ated on the basis of growth, protein accretion, 
survival, immunity, anti-oxidative ability, or meat 
quality. We propose that protective effects of AAs 
on renal structure and function should also be an 
important criterion with which to assess dietary 
requirements of fish for these nutrients. It is likely 
that renal AA metabolism differs between fish and 
terrestrial animals. Although much research has 
been done with humans, mice and rats regarding 
the roles of the gut, intestinal microbiome, liver, 
skeletal muscle and adipose tissue in metabolic 
disorders (including diseases), there is only a lim-
ited number of published studies regarding the 
improvement of renal functions in livestock and 
poultry production or aquaculture (Wu 2020a). 
Further studies are warranted to address this criti-
cal issue in order to further enhance the quantity 
and sustainability of animal production.
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Fig. 5.7  The diseases development from the impaired amino acids metabolism in kidney dysfunction (like chronic 
kidney failure). ADMA asymmetric dimethylarginine, BCAAs, branched-chain amino acids
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