he arganism possesses tremendous capacity
to survive against odds and maintain
homeostasis. This is particularly true with regard
o water, electrolyte and acid-base status of the

hody. These three are interrelated, hence they are
congidered together for the discussion.

!

WATER AND LIFE

W.ill-l!'f IS |.'|"IE i.-.'ﬂn:n.l: or e, Ilnd-wl’:l-l!edl'!,', W dle !
's more important than any other single compound

o life. It is involved in several body funchons. ;
g - -

Functions of water

I. Water provides the agueous medium 1o the
organmism which is essential for the various
‘ biochemical reactiops to occur.
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WATER TURNOVER AND BALANCE

The bod, POSSEEE0s Iremendolls CApar ity (o
regulate its water content. In a healthy individual,
this is achieved by balancing the daily water intake
and water output (Fig.21.1).

S——

Water intake

Water 1s supplied to the body by exogenous and
endogenous sources.

“Exogenous water : Ingested water and heverages,

© water content of solid foods-constitute the CXOZENOuS

source of water, Water intake is highly variable which
may range from 0.5-5 litres Ingestion of water is

mainly controlled by a thirst centre located in the
hypothalamus. _

{
2. Water directly participates as a reactantin Endogenous water : The metabolic waler

seversl metabolic reactions.
3. It serves as a vehicle for transport of solutes.

4. Water is closely associated with the regulation
0t body temperature.

. il aggdl . E

Distribution of water

Water is the major body constituenl. An adull
fuman contains about 60% water (men 55-70%
women 45-60%). -

A 70 kg normal man contains about 42 litres of

, water. This is distributed in intracellular (inside the
t=lls 28l and extracellular (outside the cells 14]
‘mpartments, respectively known as intraceflular
fuid (ICF) and extracellular fluid (ECF!. The ECF is
lurther divided inta interstitial fluid (10.5 ) and
Frasma (3.5 1), The distribution of water in an adult
Tan is given in Table 21.1.

B -

= . ars s Sl

produced within the body is the endogenous water
This water (1D0-350 ml/day) is derived fram the
oxidation of foodsuffs. It is estimated thar 1 g each
of carbohydrate, protein and fat respectively, yvield

0.6 ml, 0.4 ml and 1.1 mi T water O an averape
. - "-__L_-""——_ A

—— e E— commmm

Comgirtment
-

fma; % - E .
'.l'l'i'li*aﬂﬂllLHar-ﬂu-i:l (ICF) i | 28

Extracaliular fiid (EQF) -~ RN TP
; ip!ershha!_jil_.lid " ?:;5 e T, ‘Iﬂr& i

i
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Dirrk g wanhar Metabolic woier

gnd beverages  FoodstuMts whler Intake
H.E’-!Q (00mf) 100 ME gy

Body 'ni:
&2 GO0 mi

Uiy Sxm Lungs Facos Waler

[PEO Ml (450 mip (400m) (IS0 M) output
{2,500 mi)

FIg.21.1 : Watet Dalance it tho body, raprassated by
a2y imake ahd outpill (vaitms ard‘vanabia) ™.

w125 mil of waler is generaled for 1,000 Cat
Consurreed by The body,

Water output

Waier lasses from the body are vanable, There
afe lour disting routes o the eliminanon of water
fuarm the l‘uwjy-——nrine, skin, Il.mg5. and fm'u.

Urine : This is the major mute for waler loss from
the hoely, In 4 healthy individual, the Lt i Me: (ULPUL )s
abwiat 1.0 liday

Homonal regulation of unine production : it is
b surprising to know thal sboul 180 litres af
Wi 1S filbened bee the glomenili into the renal tilutes
evervday. Bowover, most of this is reabenrbed “ard
ey 1-2 Ditres oy excreled as wtine. Waer excrelinn
by the hidney as ghily contrallea by vasopressim
alws hnown as anfidivretic hommone (ADH] of Ihe
[l [nllary glami H”H L L ol ncreased
w alet 1e abeorphion from renal wbules, and thus less
urire + utpall

Dizbetes insipidus is a dsorder cheracterized by
the edeu sy o AL which results in an incieasidd
leiss td wolir Irowm The body.

SEIN - Leame ol weatew 1450 mbaaw! ocrurs through
the by surla, = by perspiration. This s a
repulated process whech nwastly depends on the
S phenic lemiperature and humdity.

Lungs : During respiralnon, some amiunt o wailer
o bowit 400 mbitlay| is kist theough the espred wr.

Thee doss 18 waler by perspuration fvia skinl aped
vaprpdliom [via longsh is onlleclively referred o as
insensible witer loss.

',.‘ !, _I!l )|
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Feces ¢ Most ol the warer entering the
gastiointestinal tract is reabsorbed by the intestine,
Ahout 150 mlfday s lost through feces in 2 healthy
indrvidyal. I-ll.'ln:;?1 ioss of water is tremendously

inCreased an diamhea

The ahnormalities associated with water bala ..
—dehyiicalion and overhydration—wil| be described,
foilowing a descussion on elecirobyte halance. )

N,
BELARLE |

Fleciralytes are the compounds which readily
dissociate in solution and exist as ions Le. posirvely
and negatively charged panicles. For instance, NadCl
doos not exig as such, but it engs a5 2 cahon {Na®)
and an anian (1] The conc entration of slectrolytes
are capressed as mitlisguivalents (mEg/) rather than

ol ligeranms,

r‘

ELECTROLYTE

Eloctralyte composition of body fluids

Clectrolyles are well distributed in the body Buds
in order to maintan the osmotc eguihbrum and
waler balance. The total concentraton of Casns

and anians in each hody comparnmend (ECF or ICF
5 equal to maintain ehectncal newtraiy.

There is a marked difference m the cond entratson
af electrolvies lCations and amons) between the
extracellular and intracellular fluwds. Na* w the
principal extracelular cation while K* s the
intracellufar cation. This diflerence n 1he
concentration is essential for the cell sunnval which
is maintained by Na*-K* puomp (ke detals, Sefer

Chapter 13

Camoliaiity of plasma

. Crwmalality 15 a measure of the sokse particles
presend in the flud medium. The osmolabity of plasma
is 10 the range of 2R5-295 mylliosmoles’kg Sodium
and its associated anions maké The larges
connbution (~90%) 10 plasma asmolality. Dsmolaidity
i weaccally measured by osmnometer.

Raegulation of slectrolyte balance

Electrolyte and water balance are regulated

together, and the kidneys play a predominant role in
this regard. The regulaiion is mostly achieved trough
the hormones aldosterone, ADH and renin-

angiotensan,

aip_jl cepnt LD

{
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Aldasterone : # is a mineraloconicold produced
by adrenal cartex. Addosicrone increases Nat
reabsorption by the renal tubules at the expense of
K+ and H* ions. The net effect is the retenlion of Na*
in the body.

Antidiuretic hormone (ADHY * An increase in
the plasma psmalality imostly due o Na*) gimulates
hypothalamus te release ADH. ADH elfectively
increases water reabsorphion by renal rubules,

Renin-angiotensin : The secrefion of aldasierane
is controlled by renin-angiotensin system.

. Dehydration
Dehydration is a condidion characierized by water
depletion in the body. k may be due 0 insufiicient
irake of excessive water loss oe both, Defwd:alion
15 ganerally classified indo two bpes.
1. [hie 1o loss of water alone, -
2. Due to deprivation of water and elettrohtes.

Csmoltic imbalance and
dehydration in cholers

Cholera s iransmitied throughs water and foncs
contaminated by the batenum Vidne cholerae Thas
Gacteriomn produces a loain tﬁn;hﬂmmlﬂ; thae
inle<tinal celis o secrete varons e 101, Aat, K-
MCO, etc) into the ohediiad tumena, Thew oms
retlechiveds e the osmeone peessure and s b the
aater inlo lomen, Thes tesally i didrrcheg with g
feavy 055 of water 15-10 literydas | H not reatesd in
Hime, the vichms of chulera hl-il die due I
thebrvdralion and loss ot dissobved saits. Thus, choler g
and other forms of severe diarthea are the MLy i
killers of young rhidren i many developing
Crunfries,

[ Oral rehydration therapy (ORT) is commonly
used o tredt cholera and other diarcheal diseases,

F -

COverhydeation

Overhydration or waler intoxicahion it caused Ly
excessive refention of waler in the body. This may
occur due 1o excessive inlake of large volumes of
sitht free Auids, renal failure, averproduction of ADH
etc. | _

r

ACID-BASE BALANCE

The nammal pH of the blood is maintained in the
Mamow range of 7.35.7.45, i.e. slightly alkaline,

PLIMNESAMLI b AL D LA by I HIE BT e by

Mainlenance of blood pH s an impartan|
homeoslatic mechanism of the boedy. In hormg)
circumstances, the regulation is so eitective that the

blood pH varies very little.

. MAINTENANCE DF BL00D pH-7 RIS

[

/ The bocdy has developed three hines of defense (o
lregulate the bady's acid-base balance and maintain

Ihe blood pH (around 7.4).
. Blood buffers
II. Respiratory mechanism

ll. Renal mechanism,

. Blood buffers ! 1

A butler may be defined as a snlution of a weak
acid (HA} and s salt IHA) wilh a stiong base. The
butier resists the change in pH by the additiun of
acid or alkali ani the buftering capacily is dependen)
on tiwe absalule concentration ol sall and acd. It
should le borme in mind thal the buffer cannot
reiiove H* ions fram the body. It tempararily acis as
a shock absortbant 10 rediice the free H* (bos. The
H* tons have 1o be ultimately eliminated Iy 1he
renal mechanism {described laten,

The blood cuntaing 3 Ludiar Sy SLR TS,
l. Bicarbenate Ix,fiep
2. Phosphate bulicr

1. Prutein buffor,

|. Bicarbonate buffer systam Soddium
hearbonate ant carbonic acid (INaMCO,-H €O
I5 the most predominant butter sysiem f:'r.thj;:h
extracellular flyid, particularly the plasing, (agbye

acid riril;mimlm inlp hrdwgen and bicarbonate wing
e B ' |

.lll

HilOy &= H* + HEO;

By the faw of MMAass action, at eguilibomm

(K, = Dissaciaiion constant of H,;20,).

The ualion f
Wrillen;q 0f bicarbonaie buiior may he
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on referred (0 as Henderson-

The generd] eq buffer is wrilied

1zsselbaich equation for any
F
[Base]

8 {Acid]

Blood pH and the ratia of HCOj tf
H,(O, : The plasma bicarhonale (HCOT
b, ]

22.26
concenlration is around 24 menolll {range 32-2

mimui/l], Cacbonic acid is a soluticn of COy in walkcr.

tration i sd 1.2 mmotd.
|ts cancenTraticn 15 Arou :

At a blood pH 7.4, the ratio of hira_rhﬂnﬂlf {7
carbonne acid is 20 ¢ 1. Thus, the I':lu:arhﬂnale
concentration is much higher (20 timesl than

carbonic acid in the blood. This is refered 10 as
il reserve, and is responsible for the effecuve
buffening of H* inns, generated in the body. In nomal
Circumstances, the concentralion of bicarbonate and

carbonic acid determines the pH of blood.

’F 2. Phosphate buffer system ; Sowdium dibydrogen
phnq:hnle and disadam h-.n:lr-::-gen phﬂaphﬂll}_
(Nat 1,0, = Na;HPG,} conitule the phosphale
buiter. 1| s mostly an intracellutar buffer and is of
less impartance in plasma due [o its low

pH:[.IEI'i‘

ConL 4 e oL,

1. Protein buffer system : The plasma proteins
anil hemoglohin together constitule the protein butler
systern of the hlnm!_.}'!'he huflfering capacily of
proteins is dependent oa the pK of ionizahle groups
ol aruno acids.

—r

1. Respiratory mechanlsm
for pH regulation

Respiratory system provides a rapid mechanism
fur the maintenance of acid-base balance. This is
acteved by regulating 1he concentralion of carbonic
acig {HIEE}],.' m the hlﬂﬂdq

The large volumes of CO, produced by the
celiutar metabolic aciivity endanger the acid-base
equilibrium of the body. But in nomal circumstances,
all of this CQ, is eliminated from the body In the
expired air via the lungs, as summarized below.

Gartnfe it i

Ay decrease in biood M causes hyperventilution

10 blow :.-ff L0, thereby reducing the H,CC,
tonceatraugn. Simultanecusly, the H* ions are
eliminated as H,0,

1l, Rena

hase balance of th

sjunificant, The rena
pegrrnanﬂnl colution 1o the a |

pH of urine i5 NOMa

indicales that the kidoe .
acidification ol vrine, when it is formed from

blood plasma (pH 7.4}, In other woyds, the H* jong
| ; ircumstanced,
eneratod in the body in the nommal circu ‘

are eliminated by acidilied urim::) 'l.

Resplratory :ﬁnlml ol blood pH s rapid bt only

3 shart lefm reguialory process, since hyperventilation
cannat proceed for long.

| mechanism for pH regulntion

in the maintenance of acid-
"T;bud? {blood pi) is highly 3

| mechanism iries to provide a |
cid-base disturbances,

The role of kid

i nomally lower than blood pH ; The
- lly acidic (~6,0). This clearly
ys have contributed 1o the
he

Carbonic anhydrase and renal regulation of '

: . l
H : The enzyme carbonic anhydrase Is ol centra
!Jmpﬂl'tant:l! in the renal regulation of pH windj

occurs by the following mechanisms.

1. Excretion of H* ions
2. Reabsorprion of bicarbonate
3. Excrelion of titralable acid ; '

4 Excrotion of ammonium Jons,

t. Excretion of H* lons @ Kidney is the Only _—

roule through which the H* can be eliminated I:rmn
the body. H* excretion occurs in the proximal
convoluted tubules (renal tubuiar reils) and is
coupled with the regeneralion of HCO5. The process
is depicted in Fig.21.2, and briefly destribed.

Tubular [wmen

Fenal tubuler ¢l

&+

Na* gee—— Na’,

HCO;

~tuy Fig.21.2 Hogat Teguiation phpiacd. ﬁr :
pH-Exretion. o Hilons (CA-Carvanic alhyatass).

! :.'
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Carbonic anhydrase catalyses the production of
carbanic; actd (H,CO4) Irom €O, and HyQ in the
renal Jubuiar cell. H,COy then dissociates o H*

and HCC;. The H* ions are secreted into the
tubular fumen in sxchange for Na*, The Na* in
association wilh HCOj5 is reabsorbed inta the
blood. This is an wicwwve inechanism o eliminale
acids {H*) from the body wilh a simultanegus
genevalion of HCO{. The latter adds up 1o the
alkali reserve of the body. The H* cambines
with a non-carbonate base and is excreted in

urine,

2. Reabsosption of bicarbonate : This
mechanism is pimanly responsibie to conserve 1he
blood HCO3, with a simulianscus excretion of
H* wns. The nomal wrine is almost free from
HCO;5.

3. Excretion of titratable acid : Titratable acidily
i5 3 measure of acid excreted into urine by the kidney,
This can be estimated by tivating urine back to the
normal pH of blood (7.4). In quantitative terms,
titratable acidity refers to the number of miltiliters of
N0 NaOH required Lo titrate 1 liter of urine to pH
7.4. Titratable acidity reflects the H* ions excreted
into urine which resubed in a fall of pH from 7.4

{that of blcad).
4_ Excretion of ammonium ions : This is another

mechanism to buHer HY ions secreted into the lubufar

fluid. The H* ion combines with NH, o form
ammonium jon [NHXL Ammonium ions cannot

diffuse back into tubudlar cells and, therefore, are
sxcreted into urine,

NH$ is 3 major urine acid. It is estimaled that
about half to two-thirds of body acid load is
eliminated in Lhe form of NHJ ions.

Carhon dioxide—the central

(GO, panerated)

SR
PH :'r*_l_%if_

Metabolism ————— C0Q, ————F Lungs
(H GO (GO, axhaled)

Erythiocytes Kidneys
(G0 lransported, HCO5 gens-
HC:() panesrated) rated, H* lost)

S Fi'gil'.& -Carbon. ﬁiﬂmdﬂ—ﬂu cantrai ml:l'!ﬂcmmn'

e T biood pH reguiation. i

The body has developed an efficient systen for
the maintenance of acid-base equilibrium with a
result that the pH of blood is almost constant {7.4),
The blood pH compatible to life is 6.8-7.8, beyond
which life cannot exist.

For a better understanding of the disorders of
acid-base bajlance, the Henderson-Hasselbaleh
Pquation must be lrequently consulted.

HCO5]
H,CO,

i 15 evidert from the above equation that the
blood pH (H* ion concentration) is dependent
the relative concentration (ratio) of bicarbonale
tHCOR) and carbonic acid (H,CO,)

pH = pkK, + log

+ The acid-base disorders are mainly i:las.ﬁiﬁed as

molecule of pH regulation -L i § J"a.EI{hHH decline in bload pi

As is ohserved from the loregoing discussion, (O,
i$ of central impartance in the acid-base balance of

the body. it has the ability to combine with H,O to
friom H,CQ5 which can dissociate 10 HCO3 and H*,
A summary of the interaction between the lunps,
endhrocyies and kidneys in handling CO, 1o maintain
pH of the blood is depicted in Fig.21.3. The CO,
generated by aerobic metabolism may be exhaled
via lungs, or converted to HCO3 by erythrocytes
and kidneys o add up to the alkali reserve of the

body.

'[a] Metahﬂhc acigosis—due 0 a decrease in

hlgi_ll’r_}_gnaie - T——

() Respiratory acidosis—due to an ipcrease in

carb:}ni-:: acid..

" ok s

fﬂ] Metabolic alkadosis—due to an increase in

hicarbonate.

(b} Respiratory alkalosis—due to a decrease jn

carl:mmc acid. \
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The fout acid-hase disorders refetred o above
are prmarily due to aleralions in enher ki arhonats
or carbonic acid. 'l may be ohserved that
the meraboic acid-balance disarders afe
caused by a direet alteraliun in bicarbonate
concenteasion whife the fespiratary oisturbances
ste due 1o a change in carbonic acid tevd
Ire -['}:]_

Compensation of acid-base disorders

To counter the acxd-base distushances, the bndy
pears up its homeestatic mechanism and makes every
aternynt to restore the pH to nermal level (7.4, This
is reterred 10 a3 compensation which may be partial
of tll, Somelimes the acid-base disorders may
remain unrompensated.

The ptincipa acid-hase disturbances, along with
the Doad concentration of HCCO; and H,C0,,

in arite-and compensated states are given in the
Table. 21.2.

Far the acute metahalic dhsorders (due to
chanpes in HOOX), respiratory compensation sels
in and regulales the H,COy lie. CO,l by hyper-
or hypovenhilation. As regards acute respiralary
drsorcers idue to changes in HCO5) the
renal crmpensation occurs lo mainlain the
HUOG level, by increasing or decreasing its
e e | |0

. WATIR, EIFC TROIYTE, ANTY AfHR-HIAN BALAMNCE

Ly =

Anson gap

Anion pap ks defined as be difference hﬂweer:
he total concentration of measured cations [Ma
and K*) and that of measured anhinn (- and
HCO:). The anion gap (A7) In facl represents the

snmeasured amions in the ard] it is around
15 mEy (range B-18 mEqfl) in healthy indiviouals.

Metabolic acidosis

The primary defect in medabolic acidq-s.is i5 A
recuction in bicarbonate concentration which leals
io a fall in blood pH.

The most imponant cause of metabolic acidosis
is due \p an excessive production of organic ackds
which combine with NaHCOj and deplete the alkali
reserve.

NaHCO; + Organic acids — Na salts of
orgarue acwds + L0,

Metabolic acidosis is commonly seen i seveng
uncantrolied diabetes mellitus which s associated
with excessive production of acetoacelic acid and
B-hydrmxybutyric acid thoth are organic acids).

Compenaation of metabolic acidosis : The acute
metabolic acidosis 15 usually compensated
by hyperventilation of lungs. This leads to an
increased elimination of C0J; from the body thence
H,CO3). but respiratory cumpensation is only

‘l"l-'r',.'—- - I -—- .
r:_. e _i‘“'ll"":‘ _| e, e e e EL
o II.:._',:-_"-" ._I:l-l-_ oW el 1!'. .- {.: _-.'. _'_': b
e ey LR R . LR e R
N , "-'l-ru- : iy ' ~ZoToig -t 'qt:,'l .
w Pl s A A - e - = e
Drsorder : Blood pH ... ' . [HCO;] (00

Matabo'ic acxiasis
Aade. v
Compensalod by T wentiation)

Faspratory acidoss TR
ACife o uad

Lompensated (HCO; retainad by kidney)

Metabole allansiy -

Acute .
Com ansaied by L wenniation).

Resprat ¥ abedosss - .- "
e O
Compensated [THCO; excration by kidney)

T
1

_— e o

--.---—.“-_-h-.-—----—r‘l-.lulﬂ-ll-—-—-—

lf-l ' -
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an excessive intake of sodium ncarbonate o

shor-lived, Renal compensation sets in within 1-4
therapeutic purposes (e.g. control of gastric acidity),

days and the H* ions are excreted as NH] wons,

idosi The respiratary mechanism initiates the compen.
i it el sation by hypoventilation to retain CO, thence
I'l-l,l.'_'f_}ﬂl. This as slawly taken over by renal :

mechanism which excreles more HCCY, and retaing

S

The primary defect in resparatory acidosis 1s due
tn a retention of CO, H,CO;T). There mav b
woveral causes foe resinialon at idosis whic h include H*
adepression of the respiralory centre loverdose ol
drugsl, pulmonan disorders {bronchopneumonial  Respiratory alkalosis
and breathing air with high content of CO.. The primary abnormality in respicatory alkalosis
s a decrease in H,COy concentration  This
may occur due o prolonged hyperventilation
resulting i increased exhalation of CO), by the lungs,
Hypenventilation 15 observed in condihions such
as hystena, hypoxia, rased intracramal pressure,
excessive arlificial ventiiation and the action of
certain drugs (salicylate] that stimulate respiratory

centre

The renal mechanism comes for the rescue to
compensate respiratory acidosis. More HCO7 s
generated and retained by the kidneys which adds
up to the alkall reserve of the body. The excretion of
titratable acidity and NHJ 15 elevated in urine.

Metabolic alkalosis

The pnmary abnormahty in metabolic alkalosis is
an increase 1in HOO, concentration. This may occur The renal mechanism tries to compensate by
due 10 excessive vormiling [resulling in loss of H*) or increasing the unnary excretion of HC 05,

bR

SUMMARY AND BIOMEDICAL / CLINICAL CONCEPTS

— - = = - e
—  — — = =

I Wetcr is the solvent of Iife and constitutes about 60% of the tolal body weighi
distritbuted in intracelllar and extracellular fluids ”
2. Llzctralytes are distributed in the intracellidar ond extracellular fluids to ma:atain the
|

asrnotic equiithnum andg wafer pafance. Na' is [he principal extracellular cgrio, while

K°is the mnprocelllor. catonr— SRR

T ————— e T e ———
e e e

o - ooy Nl GENAD Y T R ' rrii i T Fam b w s "l '
The normal pl weend 1s malntained an. the- narrow range of 7.35-7.45 The

metabolism of the body1s dccampanied by an overall production of aclds. The body has

> | p oo ; T . - f sy oo . PR
deveioped three: lines of a 2o buflers, vespiratory and renal mechanisms) to
reguiate the acid-base balance and maintain the blood pH o

f. [nv gcid-base disurders areclassiliod cs acdacie i sl p
I ; T IIes L J.I:l-ll'l (I GS O] R |I r]d-’l“' i L‘I“_' i il rl:S,r"Ir'ii.ﬂr_UI I.]ﬂl__ll “II'I._11I|‘[}3!.,;
FF Fvime 1o £y Fi FrEir-pfrir ! P (P o JI_I i .| I | = B i ' )
I:uz;l' : -LIF._" Hralory, respecineely, dve to a rise or fall in blood pH, The rietabalic
ISturbances aro gisocialed wirty allerations i ' "Gl ([ I
il, I Ilr i | i |‘ ¥ st .I"l:..H.r1r'|'. i jfo_}i candéaniration u_'||r]||'|:"' Hh' fL'-l"rj.H-I‘lqul'],J'
disorders are due tu changes in “,'{'E':*I.'i (i ¢ I:_.'{':JE.J. '

or il - ! i i |y b
= Hidineys piay a predominant role in the requiation of water, elecirolyte and acid-base balar
' " ; ance,

e Electrolyte and water balance requlation oceurs through the involvement of horn
aldosterone, ADH and renin-angiotensin lenes—

e Vegetarign diet has an alkalizing effect on the body. This is attributed 1o the formation of
organic ac'ds such as sodf hich can deplete H* jong by cembining with rh:fr;

v« Uncontrelled diabetes mellitus is associated with metabolic acidosis, commonly ref !
- ' fFl1rL Fi= Ji
to as ketoacidosis (due to the overproduction of ketone hodi] At

——
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