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Abstract

Background Recurrent dehydration causes chronic kidney disease in humans and animal models. The dromedary
camel kidney has remarkable capacity to preserve water and solute during long-term dehydration. In this study, we
investigated the effects of dehydration and subsequent rehydration in the camel’s kidney histology/ultrastructure
and changes in aguaporin/solute carrier proteins along with gene expression.

Results In light microscopy, dehydration induced few degenerative and necrotic changes in cells of the cortical
tubules with unapparent or little effect on medullary cells. The ultrastructural changes encountered in the cortex were
infrequent during dehydration and included nuclear chromatin condensation, cytoplasmic vacuolization, mito-
chondrial swelling, endoplasmic reticulum/ lysosomal degeneration and sometimes cell death. Some mRNA gene
expressions involved in cell stability were upregulated by dehydration. Lesions in endothelial capillaries, glomerular
membranes and podocyte tertiary processes in dehydrated camels indicated disruption of glomerular filtration barrier
which were mostly corrected by rehydration. The changes in proximal tubules brush borders after dehydration, were
accompanied by down regulation of ATPTAT mRNA involved in Na+/K+pump that were corrected by rehydration.
The increased serum Na, osmolality and vasopressin were paralleled by modulation in expression level for corre-
sponding SLC genes with net Na retention in cortex which were corrected by rehydration. Medullary collecting ducts
and interstitial connective tissue were mostly unaffected during dehydration. CKD, a chronic nephropathy induced

by recurrent dehydration in human and animal models and characterized by interstitial fibrosis and glomerular sclero-
sis, were not observed in the dehydrated/rehydrated camel kidneys. The initiating factors, endogenous fructose, AVP/
AVPR2 and uric acid levels were not much affected. TGF-1 protein and TGF-B1gene expression showed no changes
by dehydration in cortex/medulla to mediate fibrosis. KCNN4 gene expression level was hardly detected in the dehy-
drated camel’s kidney; to encode for Ca+ +-gated KCa3.1 channel for Ca+ +influx to instigate TGF-31. Modulation

of AQP 1, 2,3, 4,9 and SLC protein and/or mRNAs expression levels during dehydration/rehydration was reported.
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rehydration.

aquaporins/solute carrier proteins, Gene expression

Conclusions Long-term dehydration induces reversible or irreversible ultrastructural changes in kidney cortex
with minor effects in medulla. Modulation of AQP channels, SLC and their mRNAs expression levels during dehy-
dration/rehydration have a role in water conservation. Cortex and medulla respond differently to dehydration/

Keywords Dromedary camels, Dehydration/rehydration, Kidney light microscopy and ultrastructure, Kidney

Introduction

Dehydration in animals is associated with draught in arid
and semiarid areas where the grass, bushes and trees
became scanty and dry and thus animals are enforced
to travel for long distances searching for water and food.
Dehydration is very common in camels in arid and semi-
arid areas but they have remarkable adaptability to this
harsh dreadful environment [1-3]. In the past few years,
most of livestock population died during famine in num-
ber of countries except camels [4, 5]. Again, in trading
between Sudan and Egypt (durb Al Arbaein) camels used
to travel for 40 days in a very tough environment with
access to water only from the few scattered oases in their
way.

Several hormones and peptides control the water and
electrolyte reabsorption in the camel kidney, similar to
other mammalians, including aldosterone, vasopressin
(AVP), oxytocin, Atrial Natriuretic Peptide (ANP) and B
Natriuretic Peptide (BNP). The circulating levels of these
hormones are altered during dehydration for the purpose
of water preservation [6, 7]. Other proteins involved in
water and electrolyte balance include aquaporins (AQPs)
and solute carrier proteins (SLCs) encoded by many
genes [8].

AQPs are water channel proteins with different sizes
that facilitate water passage in the kidney. AQP1, 2 and
4 have small sized channels and selectively transport only
water, whereas AQP3, 7 and 9, known as aquaglycerop-
orins, have wider channels to permit passage of glycerol
and other small hydrophilic molecules. AQP6, 8 and
11 are located inside the cell cytoplasm with an unde-
fined function [9]. The SLC proteins constitute over 400
members arranged in 65 families and are involved in the
transmembrane transport of a diverse number of solutes
including electrolytes and sugars amongst other sub-
stances [8, 10].

The camel kidney has some unique features that may
enable it to cope with severe dehydration. Grossly, the
camel kidney has a wider medulla relative to cortex [11],
however histologically and physiologically the different
units of the camel nephrons and collecting ducts are gen-
erally similar to other species. Thus, the fenestrated glo-
merular capillaries, the podocytes with processes and the
slit diaphragm, selectively permit water, low molecular

weight proteins, electrolytes, amino acids, glucose and
nitrogenous waste into bowman’s space [12]. Equally, the
proximal convoluted tubules with its basolateral enfold-
ing, many mitochondria, apical brush borders and ionic
pump are actively involved in reabsorption of most of the
glomerular filtrate and ion transport [13]. However, the
camel kidney has histological structure differences com-
pared to other species that are thought to facilitate water/
acid—base balance [12, 14]. Hence, the camel nephrons
have long loops of Henle (4—6:1 camel: cattle) and vasa
recta which act as counter current multiplier and coun-
ter current exchanger systems for water and electrolyte,
urine concentration and oxygen passive diffusion [15,
16]. Moreover, the camel cortical tubules occupy 76% of
the volume of cortex with a wider surface area (camel 9.5
vs man 8.7 m?) and a higher reabsorption capacity (88%)
of glomerular filtrate by the proximal convoluted tubules
[17]. In addition, the camel has higher number of glomer-
uli, 3.6 +£0.12x 10° and wider renal corpuscles compared
to other mammals (camel 220-260; man 78-168; rat
114.2+£0.63 pm) which enhance the renal efficiency [15,
18]. Furthermore, the juxtaglomerular apparatus in the
camel, displays slight ultra-structural differences from
non-desert species, with the macula densa having three
types of cells (cuboidal, columnar, and pseudostratified
with a single cilium) suggesting an increased efficiency
of sensing Na concentration [19]. Again, the basal lamina
beneath the epithelial cells of nephron is very thick com-
pared to other species. This provides an extra support
for the lumen during dehydration and rehydration, with
a few anchoring sites strengthening any relatively thin
areas of basal lamina in the thick loop of Henle and med-
ullary collecting ducts [14]. Small vesicular membrane-
bound bodies have also been reported in the dromedary
basal lamina of the parietal cells, proximal tubules, thin
loop of Henle and the juxtaglomerular apparatus, which
may probably indicate their engagement in water regula-
tion and electrolyte exchange [19, 20]. Besides that, the
camel collecting ducts are 100 times more responsive to
Arginine vasopressin (AVP) than collecting ducts of spe-
cies such as cattle [11, 17]. The renal pelvis in the camel
is enfolded to form specialized fornixes to facilitate urea
cycling and urine concentration [15]. In addition, sub-
mucosal serous glands of undefined role have also been
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identified in the renal pelvis of the dromedary and it has
been suggested to relate to water and ions regulation [21].

Dehydration can damage the mammalian kid-
ney. Severe dehydration was reported to cause acute
renal injuries, rhabdomyolysis, and hypotension with
increased BUN levels in mice [22]. Similarly, acute dehy-
dration has been reported to cause severe muscular
damage with an increase in Na, BUN, LDH, CK activity
in wrestlers [23]. Short-term dehydration in rabbits was
reported to cause reversible flattening and spreading of
podocytes and major processes with alteration of capil-
lary permeability similar to that observed in patients with
post-ischemic acute renal failure [24]. Mild dehydration
with sustained high vasopressin level was suggested to
induce histopathological renal lesions with albuminuria
and high mortality rate in rats [25]. Moreover, recurrent
dehydration, caused by heat stress has been implicated
in insidious glomerular sclerosis and tubulointerstitial
renal fibrosis observed in the Mesoamerican nephropa-
thy/chronic kidney disease (CKD) [22, 26]. On the other
hand, some desert rodents acquire adaptation mecha-
nisms which help them to withstand dehydration with
minimal kidney lesions if any [27, 28].

The effect of long-term dehydration and quick rehy-
dration on kidney ultrastructural morphology has not
been studied in the camel. We therefore investigated the
ultrastructural changes in the kidney cortex and medulla
in chronically dehydrated and rapidly rehydrated camels.
In addition, we investigated whether vasopressin, kidney
fructose, uric acid levels and nephrolithiasis in dehy-
drated/rehydrated camels contribute to the formation of
kidney fibrosis/sclerosis, like that observed in humans
subjected to intermittent dehydration in CKD. Finally,
the possible roles of aquaporin and SLCs in water balance
during long-term dehydration and quick rehydration was
also investigated.

Materials and methods

Animals

Nineteen healthy male camels, 4-5 years old with body
weight range of 276-416 kg, were used in this study.
These camels were purchased from local owners that
breed camels. These were not working camels and were
not dehydrated in their life. They lived in corals where
they had free access to water and alfa alfa hay. After a
short adjustment period, the camels were randomly
divided into three groups; Control group (#=5), Dehy-
drated group (n=8), and rehydrated group (n=6) and
were assigned numbers 1C-5C for Control, 6D-13D for
Dehydrated and 14R-19R for Rehydrated groups to be
easily identified. The control group was supplied with dry
alfa alfa and water ad libitum for the whole experimental
period, the dehydrated group was also provided with dry
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alfa alfa ad libitum but with complete water restriction
for 20 days, whilst the rehydrated group was provided
with dry alfa alfa ad libitum, completely restricted of
water for 20 days and thereafter was allowed free access
to water for 72 h. The animals were kept in a shaded cor-
ral during the hot months of April and May (40-50 °C) in
the United Arab Emirates and maintained only on alfalfa
hay during the whole experimental period and have no
access to browse/graze on grass, trees or bushes. Body
weights for all groups were calculated at baseline date and
every five days thereafter using the formula, live weight
(Kg)=Shoulder height x chest girth x hump girth x50
[29]. At the end of the experimental period, all groups
were slaughtered in the Al Ain central abattoir. Camel
kidney samples, as well as other tissues were obtained
from all of the nineteen camels. Small pieces of the kid-
ney were excised and then either immediately fixed in
10% (v/v) formalin, or in (2.5%) glutaraldehyde for elec-
tron microscopy, or snap-frozen in liquid nitrogen.

Health status of the animals during and after experiment

The experimental camels were closely supervised by a
veterinarian from our team during the whole period of
experiment. The animals age was taken from the official
camel registry provided to the camel market (a read chip
with all camel information). The separated areas hous-
ing the camels during the experimental period, were
cleaned every morning, food provided ad-libitum, appe-
tite monitored and animals observed daily for any abnor-
mality. The animals were also checked physically when
purchased and when presented for anti-mortem. We
have not observed abnormal secretions and excretions
from all orifices, jaundice, skin lesions, abnormal sounds,
neurological signs and unusual body or urine odor. Also
the vital signs, including body temperature, heart and
respiratory rates were taken early morning (around 8:00
AM) at the start and end of the experimental period
and were all normal. Again laboratory specimens were
taken and checked before and at the end of experimen-
tal period. Blood was negative for blood parasites com-
monly encountered such as trypanosomiasis, flariasis,
anaplasmosis and babesiosis, serological tests were nega-
tive for brucellosis, blood culture were negative for bacte-
rial growth and feces were negative for gastrointestinal as
well as skin scrapings for external parasites. It has been
observed that dehydrated camels, showed reduced appe-
tite became thinner with reduced hump, pass few hard
feces, scanty concentrated urine and displayed stress
behavior. Biochemical data displayed changes in number
of parameters including stress hormones and antioxi-
dants (8; 9). In the abattoir the animals passed the routine
anti-mortem checks by the veterinarian in charge of the
abattoir and the camels were quickly slaughtered. The
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carcasses, internal organs and lymph nodes passed the
routine post-mortem inspection. However, serous atro-
phy of perirenal and epicardial fat was observed in the
dehydrated and rehydrated camels but liver lipidosis was
not noticed in all animals. The meat of controls was used
for human consumption while that of dehydrated and
rehydrated camels were donated for Al-Ain zoo.

Chemicals, kits and antibodies

All other chemicals, if not otherwise specified, were pur-
chased from Sigma-Aldrich Chemical Company (Sigma
Chemical Co., St. Louis, MO, USA). Complete protease
inhibitor cocktail was purchased from Thermo Fisher
Scientific Inc. (MA, USA, 02451). Assay and ELISA kits
were purchased from My BioSource, Inc. (CA, USA;
Table 1).

Blood collection

Blood samples were collected via jugular venipuncture
without apparent discomfort to the camels between 8:00
and 9:00 am into plain or heparinized vacutainers on
ice for subsequent analysis for plasma and serum frac-
tions. The blood in plain vacutainers was allowed to clot
and serum was separated by centrifugation at 3000 rpm.
The collected serum was aliquoted into clean tubes kept
at -20 °C pending analyses. Blood samples collected
into heparinized vacutainers were centrifuged at+4 °C
shortly after collection. The plasma was decanted into
clean tubes and stored at -80 °C until analyzed. Blood
from control, dehydrated and rehydrated groups was col-
lected on days 0, 5,10, 15 and 20, and on hours 2, 12, 24,
48 and 72 after rehydration. All specimens were included
in testing and statistical analyses.

Preparation of tissue homogenate

The kidney homogenate was prepared as described previ-
ously [30]. Briefly, renal tissues were washed with phos-
phate buffer saline (PBS), the cortex and medulla were
dissected. The tissue was weighed and homogenized in
an extraction buffer containing complete protease inhibi-
tor cocktail. The homogenates obtained were centrifuged

Table 1 MyBioSource assay and ELISA kits were used in this study
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and the supernatant stored at -80°C wuntil further
experiments.

Preparation of grids for Transmission Electron Microscope
Kidney tissue of camel were dissected out and washed
with 0.1M phosphate buffer at pH 7.2 and then immersed
immediately in the Carnovsky’s fixative at pH=7.2 [31,
32] for 24 h at 4°C in the refrigerator. After rinsing with
phosphate buffer, the tissues were post fixed with 1%
(w/v) osmium tetroxide for 1 h. After washing with dis-
tilled water, the tissues were dehydrated in a series of
graded ethanol from 30% (v/v) to 95% (v/v) and 100%
(v/v). They were later treated with propylene oxide. The
tissues were then infiltrated and embedded in Agar 100
epoxy resin and polymerized at 65°C for 24 h. Blocks
were trimmed and semi thin & ultrathin sections were
cut with Reichert Ultra- cuts, ultra-microtome. Semi-
thin Sects. (130 nm thickness) on glass slides were
stained with1% (v/v) aqueous toluidine blue on an elec-
trothermal slide drying bench at 55°C and ultrathin sec-
tions of golden color (95nm thin) on 200mesh Cu grids
then were contrasted with uranyl acetate [33], [34] and
followed by lead citrate [35] double stain. The grids were
then studied/examined and photographed at different
magnification under the Philips CM10 Transmission
Electron Microscope (Netherlands).

Biochemical analysis of serum and plasma

Biochemical analyses of serum glucose (Glu), Blood urea
nitrogen (BUN), Creatinine (Cr), Sodium (Na), Potas-
sium (K), and Chloride (Cl) were performed using a
fully automatic chemistry analyzer (Roche — Lab Cobas-
C501- USA). Osmolality in serum was calculated as per
the following equation: 2Na+BUN + glucose (all param-
eter in mmol/L).

Measurement of plasma Arginine vasopressin (AVP)

The levels of plasma AVP were quantified by a My Bio-
Source Camel ELISA kits (MBS9350140) according to the
manufacturer instructions. Briefly, samples and stand-
ards were added to the coated 96 well micro titer plate
for 1 h. at 37 °C. After washing, removal of samples,

Description Catalog#
General Fructose Assay Kit 100 Assays MBS8243183
General Uric Acid Assay Kit 100 Assays MBS8243236
Camel Solute Carrier Family 26 Member 6 (SLC26A6) ELISA Kit 96-Strip-Wells MBS9367953
MyBioSource, Camel Neutrophil Gelatinase Associated Lipocalin (NGAL) ELISA Kit; 96-Strip-Wells MBS104113
Camel High Sensitivity C-Reactive Protein (CRP) ELISA Kit 96-Strip-Wells MBS097957
Camel Kidney Injury Molecule 1 (KIM 1) ELISA Kit; 96-Strip-Wells MBS059436
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detection reagent A, followed by reagent B were added
for 15 min at 37 °C. The absorbance was read at 450 nm,
after adding stop solution, with an Emax Plus microplate
reader (Molecular devices, CA 94089 USA). Results were
expressed as pg/ml plasma.

Measurement of plasma uric acid

A MybioSource assay kit (MBS8243236) was used to
measure plasma Uric acid according to the manufactur-
er’s protocol. The assay reaction was initiated with the
enzymatic catalysis of uric acid by uricase. The enzyme
catalyzed reaction products quinone was measured at
505 nm by using a Tecan Infinite M200 Pro microplate
reader (Tecan Group Ltd., Madnnedorf, Switzerland). The
levels of plasma Uric acid were expressed as (mmol/L).

Measurement of fructose in kidney cortex and medulla
homogenates

The assay for fructose was performed by using fructose
assay kit (MBS8243183) according to the manufacturer’s
protocol with minor modification. Kidney, cortex and
medulla, tissue was washed with ice-cold phosphate
buffer saline (PBS) and cortex and medulla were sepa-
rated. The tissue was weighed and homogenized with 10
volumes of ice-cold high KCl lysis buffer (10 mM Tris—
HC], pH 8.0, 140 mM NaCl, 300 mM KCl, 1 mM EDTA,
0.5% v/v Triton X-100 and 0.5% w/v sodium deoxycho-
late) with complete protease inhibitor cocktail with a
polytron homogenizer (IKA laboratory, Germany). The
resulting homogenates, after 30 min incubation on ice,
were centrifuged at 15,000 rpm for 30 min at 4 °C. The
resulting supernatant was incubated in water bath at
80 °C for 10 min, centrifuged at 4000 g for 10 min at
room temperature, then used for Fructose assay accord-
ing to the kit instruction. The absorbance was read at 492
with an Emax Plus microplate reader (Molecular devices,
CA 94089, USA). Results were expressed as pg per mil-
ligram of tissue.

Measurement of aquaporins, solute carrier proteins
and arginine vasopressin receptor 2 (AVPR2) in kidney
cortex and medulla homogenates

AQPI (MBS095603),  AQP2 (MBS085081),
AQP3 (MBS084810), AQP4 (MBS084444), AQP7
(MBS9362113), AQP9  (MBS068548),  SLC9A9

(MBS9350780), SLC26A6 (MBS9367953) and AVPR2
(MBS9363909) measurements were performed by using
precoated quantitative sandwich ELISA kits according to
manufacturer’s protocol (MyBiosource, Inc., CA, USA).
The absorbance was read with an Emax Plus microplate
reader (Molecular devices, CA 94089, USA). Results were
expressed as pico- or nanogram per milligram of tissue.
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Measurement of CRP in Kidney cortex and medulla
homogenates

A MyBiosource Camel ELISA kit (MBS097957) was
used to measure the levels of CRP in kidney homogen-
ates and plasma in accordance with the manufacturer’s
protocol. Briefly, samples and standards were added to
the coated 96 well micro titer plate for 1 h. at 37 °C.
After washing, removal of samples, detection reagent A
followed by reagent B were added for 15 min at 37°C.
The absorbance was read at 450 nm, after adding stop
solution, with an Emax Plus microplate reader (Molec-
ular devices, CA 94089 USA). The levels were expressed
as []g/mg of tissue or pg/ml plasma.

Measurement of Biomarkers of kidney injury in cortex

and medulla homogenates

Enzyme immunoassay of kidney injury molecule-1
(KIM-1) (MBS059436) and neutrophil gelatinase-
associated lipocilin (NGAL) (MBS104113) in samples
were performed by using MyBiosource camel sandwich
ELISA kits according to the manufacturer’s protocol.
Results were expressed as pg or ng per milligram of
tissue.

Measurement of TGFB and SGLT2 in kidney homogenate
ELISAs for TGFp (MBS087558) and SGLT2
(MBS059315) was performed in the kidney cortex and
medulla homogenate samples. Briefly, the assay was
carried out by adding 50 pl of either standard or sample
to the coated 96 well micro titer plate. HRP-conjugate
reagent (100 pl) was added to every well except blank
wells and incubated for 60 min at 37 °C. After wash-
ing, removal of samples, 50 pl chromogen solution A
and chromogen solution B were added to each well. The
plate was incubated for approximately 15 min at 37 °C.
The absorbance was read at 450 nm, after adding stop
solution, with an Emax Plus microplate reader (Molec-
ular devices, CA 94089 USA). Results were expressed as
ng/mg protein.

RNA extraction and cDNA synthesis

RNA extraction and cDNA synthesis were performed as
described earlier [30]. Briefly, total RNA was extracted
by using a Direct-zol " RNA MiniPrep kit (Zymo
research; R2052) following the manufacturer’s instruc-
tions. For cDNA synthesis, 1000 ng of RNA from each
sample was reversely transcribed using the GOS-
criptTM c¢DNA synthesis system (Promega; A276A).

Quantitative reverse trancription PCR (qRT-PCR) analysis
Primers (Tables 2 and 3) were designed based on
National Center for Biotechnology Information (NCBI)
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Table 2 Primers for gPCR: for genes with multiple transcript variants, primers were designed based on the common sequences shared
between all transcript variants

Gene symbol Gene name Reference sequence 5’to 3’ primer sequence (F: Product
accession ID (NCBI, forward, R: reverse) size (bp)
Ensembl)
PPIA Peptidylprolyl isomerase A XM_010987886.1 F: ACCACCAGACCATTCCTTCT 109
R: TATGGAACCCCGAAAACTGC
CLDN4 Claudin 4 XM_010980769.2 F: CATCTGCATCATCTTGGCCG 81
R: CTCTCATCCTCCACGCAGTT
CiLp2 Cartilage intermediate layer protein 2 XM_010997357.2 F: GAAGGTTCATCATTGCGCCC 82
R: TGAACCAGGATGTCCACTCG
MRPL57 Mitochondrial ribosomal protein L57 XM_031465729.1 F: CAGGCGAAGCGAAACATGG 87
R: CTGCTCGGCTGTGAGGTAG
NRTN Neurturin XM_031437035.1 F: GTCTACGACCTGGGCCTG 105
R: CACCTCGTCCTCGTAGGC
SDHA Succinate dehydrogenase complex flavoprotein subunit A XM_031442368.1 F: GGATTTCAAGGAGCGGGTTG 108
XM_031442370.1 R: TCAACGTAGGAAAGCGTGTG
SLC2ATT Solute carrier family 2 member 11 XM_031442332.1 F: TACATGGTTTGCGGAGTGCT 96
R: CACGTAGAGGAAGTGGGACA
AMPD?2 Adenosine monophosphate deaminase 2 XM_031457751.1 F: AGTCTAAGCCCGAGAACCAC 87
XM_031457752.1 R: AGTAGGCATAGGGTGGGTTG
XM_031457753.1
XM_031457754.1
XM_010975916.2
XM_010975917.2
XM_031457755.1
NT5DC2 5-nucleotidase domain containing 2 XM_010985270.2 F: GCCAACTCTTTGACGTGGTC 99
R: GCAGTACGCCCTTCTCATCA
SLCI17A3 Solute carrier family 17-member 3 XM_010980146.2 F: GAACTCTCCCCTCTTCAGCA 114
XM_010980147.2 R: CGGACTGACATAGTGGGCTT
XM_031435092.1
XR_004131242.1
XM_031435093.1
ATPIAT ATPase Na+/K+transporting subunit alpha 1 XM_010980699.2 F: GCATGGCGACAAAAAGAAGG 120
R: AAGTCTGTCCCGTATTTGCG
SLC6A6 Solute carrier family 6-member 6 XM_031470987.1 F: GAACTGGGTGCTCTGAAGTG 116
XM_031470988.1 R: GCGGTGAAGTAGACGACCTT
XM_031470989.1
XM_031470990.1
XM_031470992.1
SLC8AT Solute carrier family 8 member A1 XM_031466892.1 F: TCATCATCGCGCTTTGTGTT 101
XM_031466893.1 R: TGCAAAGATGCTCCAAGCTG
XM_031466894.1
XM_031466895.1
XM_031466896.1
XM_031466897.1
XM_031466898.1
XM_031466899.1
XM_031466900.1
XM_031466901.1
XM_031466902.1
XM_031466903.1
XM_031466904.1
XM_031466905.1
XM_031466906.1
XM_031466907.1
XM_031466908.1
XM_031466909.1
XM_031466910.1
SLC20A1 Solute carrier family 20-member 1 XM_031441258.1 F: GACAGAAAAGGCAGTGGCAG 83
1

XM_031441259.1

R: TGCAGGAACTGGAAGAGGAG
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Table 2 (continued)
Gene symbol Gene name Reference sequence 5’to 3’ primer sequence (F: Product
accession ID (NCBI, forward, R: reverse) size (bp)
Ensembl)
KCNIP4 Potassium voltage-gated channel interacting protein 4 XM_010991040.2 F: GATACGGACCACAATGGAGC 75
XM_031436695.1 R: TACTGTCCCCCGAAGCAAAA
XM_010991042.2
XM_031436708.1
XM_010991043.2
XM_010991044.2
AVPR2 Arginine vasopressin receptor 2 XM_010991454.2 F: CCTGCCCCAACTCTTCATCT 116
R: CAATCCAGGTGACGTAGGCA
SLC26A6 Solute Carrier Family 26 Member 6 ENSCDRT00005022863.1 F: AGATGCCCCACTACTCTGTC 85
ENSCDRT00005023033.1 R: ACCTCCCTGGCTTCTGAGTA
PCDH8 Protocadherin 8 ENSCDRT00005018746.1 F: CCTTTTCCCCTTGCAGCTTT 79
R: GAAGGTGCTGTATCGCACTG
ANGPTL4 Angiopoietin Like 4 XM_010978268.2 F: TGCCCTTCTCTACTTGGGAC 118
R: TACTGGCCGTTAAGGTTGGA
AQP5 Aquaporin 5 XM_010989703.1 F: AGCGTCCTACAAATCTCCGT 98
R: GTGATGGCAGGGTTGATGTG
AQP6 Aquaporin 6 XM_010989702.1 F: TCTGCTGGCATCCCCTAAAA 121
R: CCAGATGAGACTCCAGTGGT
AQP7 Aquaporin 7 XM_010975828.1 F: CCCATCTCTGTATCGCCTGA 110
XM_010975829.1 R: GGGGACGGGATCACAGATAA
XM_010975830.1
AQPITT Aquaporin 11 XM_010990022.1 F: CTGGGGCTGACCAAGTATCA 93

R: GGCCTCTATGACTACCGCTT

Table 3 The levels of BUN, Cr, Na, K, Cl, glucose and calculated osmolality of control, dehydrated and rehydrated Camels (M + SEM).
Significant difference from control is denoted by *p <0.05, **p <0.01, ***p <0.001and from Dehydrated (Day 20) group by tp <0.05,

t1p<0.01, 11p<0.001

Test Control 20D (Dehyd) 2 h (Rehyd) 12 h (Rehyd) 24 h Rehyd 48 h (Rehyd) 72 (hrs Rehyd)
BUN mg/dl 286+0.7 451+29™ 475451 397457 37.0+34 286+3.2'" 248+25""
Crmg/dl 1301 30+02" 34+02" 36+02" 304017 26+01" 2140177
Na mmol/! 1547 +0.44 1731x07" 1703+23" 1542438 1492+ 18" 14264171 14554171

K mmol/I 44+0.1 4301 41401 70+08" 51+02" 48+02" 451403
Clmmol/l 1148404 1305+09" 12944217 1129442 1103+19" 106.82+2.0" 108321

Gluc g/dl 1004+33 872456 1388+15.2"" 9164222 1030+113 11504137 12164166
Osmolality mmol/I 3277411 37124617 3652457 3260+79'" 3173+43" 301.8+43" 306.6+39'
AVP (pg/ml) 252405 27.8+08" 304+10" 259+06 282+09 286+08 294+09"

reference sequences (RefSeq) and the genome assem-
bly Camdro2 (GCA_000803125.2) for target genes and
were synthesized by Sigma-Aldrich®. The optimiza-
tion and validation of primers performed according to
normal ABI protocols and the relative standard curve
method [36, 37]. For cDNA synthesis, 1000 ng of RNA
from each sample was reversely transcribed using
the GOScriptTM cDNA synthesis system (Promega;
A276A). The cDNA samples from reverse transcrip-
tion were used as templates for the RT-qPCR which
was conducted in duplicates in 12 pl reaction volumes
using PowerUp" SYBR Green Master Mix (Thermo

Fisher Scientific; 100,029,283) on an ABI StepOne-Plus
Real-Time PCR System. The housekeeping gene PPIA
was used as the internal control gene for RT-qPCR [38].
2-AACT method applied for the relative quantification
of gene expression [39, 40].

Statistical analysis

All statistical analyses were performed by independ-
ent t-test using SPSS (Statistical Package for Social
Sciences, version 23: SPSS, Chicago, USA) software.
Statistical analysis for RT-qPCR was performed by
two-way, unpaired ¢-test with Welch correction using
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Graphpad Prism 8 software. Data are expressed as
mean + SEM, and P value less than 0.05 was considered
statistically significant.

Results

The initial body weight (kg) of treatment groups were
not significantly different at day 0 (356.8 +4.59 control
vs 363.6 £3.57 dehydrated groups). The dehydrated
camels showed average body weight loss of 112.6 kg at
day 20 versus their initial weights at day 0 (251.8 + 8.87
vs 363.6 £ 3.57; P<0.001) and a significant body weight
loss compared to that of controls at days 0 (251.8 + 8.87
vs 356.8+4.59; P<0.001) and at day 20 of experiment
(251.8 +£8.87 vs 364.8 +3.14; P<0.001).
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Light and electron microscopy

Images of the glomerular epithelium of control, dehy-
drated and rehydrated camels stained with toluidine blue,
and H&E are presented in (Fig. 1) In control group (1a,
1g), the glomeruli, proximal convoluted and distal con-
voluted tubules exhibited normal texture, whilst in the
dehydrated camels (1b, 1h) fatty degeneration and focal
necrosis were evident in some glomeruli, proximal and
distal convoluted tubules showed some casts in lumen.
However, these lesions improved with rehydration (1c,
1i). No interstitial fibrosis or glomerular sclerosis were
observed.

Glomeruli: transmission electron micrograph

Electron microscopy revealed normal and intact glomer-
uli ultrastructure, well-defined glomerular membrane
between capillary endothelial and visceral epithelial

. &

J

Fig.1 a, b, c shows light micrographs of the cortex of the camel kidney. In the control camel group 1(a), the glomeruli, proximal convoluted
and distal convoluted tubules (arrow) exhibited normal texture, whilst in the dehydrated camels 1(b): Vacuolar degeneration is discernible

in the epithelium of proximal convoluted tubules (arrow) showed some casts in lumen. In the rehydrated camels 1(c): The epithelium

of the proximal convoluted tubules (arrow) appears normal when compared to 1 (a) and 1 (b). No interstitial fibrosis or glomerular sclerosis

was observed. G=glomeruli, arrow = convoluted tubules; bar=100 um (a-c). d, e, f electron microscopic micrographs of the cortex of the camel
kidney, d: shows glomerulus with an intact filtration barrier (space between 2 arrows) of normal, untreated camel; e glomeruli have a disrupted
filtration barrier (space between 2 arrows) of dehydrated camel; f glomeruli have intact filtration barrier (space between 2 arrows) of rehydrated
camel. Filtration barrier=endothelial cell lining + glomerular basement membrane + tertiary podocyte processes. Scale bar=1 um (d-f). g, h,

i H&E-stained sections (x400) of control, dehydrated and rehydrated camel kidney. (g) No lesions were observed. Fatty degeneration, focal necrosis
in some glomeruli and casts in tubular lumen in the dehydrated (h) group. No pathological changes were evident in glomeruli, proximal and distal
tubules of rehydrated camels (i). No fibrosis or sclerosis were evident in the kidney of control, dehydrated or rehydrated groups.
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cells, and podocytes (Fig. 1d). Capillary loops were finely
fenestrated and exhibited a uniformly organized endothe-
lial layer with a prominent nucleus and evenly distrib-
uted chromatin material. The podocytes, with a pale
large nucleus on the visceral layer, possessed a normal
and prominent primary and secondary foot processes
arranged along the glomerular basement membrane and
connected with the glomerular membrane by a thin fil-
tration slit diaphragm. The slightly dark mesangial cells,
containing amorphous mesangial matrix, were centrally
located among the capillary loops and had direct contact
with the endothelial cells.

In the dehydrated group (Fig. le), the micrographs of
glomeruli revealed a large lumen of capillary loop some-
times with thin RBCs. Mostly, the endothelial fenestra-
tions looked damaged or deteriorated and the nuclear
chromatin of the capillary endothelial cell was either
condensed, degenerated, or damaged. In some areas, the
glomerular basement membrane looked thickened, irreg-
ular, and vacuolated. Some podocytes exhibited degen-
erated mitochondria, lysosomes, rough endoplasmic
reticulum, and cytoplasmic vacuolization with smaller
size pyknotic nuclei and with peripherally condensed
chromatin. The presence of podocytic foot processes
were mostly evident, however, in some cases they were
fewer in number, detached, damaged or lacking. The
nuclei of some mesangial cells seemed to be pyknotic,
vacuolated, fragmented and indented in appearance. The
overall changes in capillaries, glomerular membranes and
podocyte tertiary processes may indicate disruptor of fil-
tration barrier of some glomeruli.

In the rehydrated camel (Fig. 1f) groups, most of the
capillary loops were seen normal but slightly widened at
some regions in some cases. The endothelial cell nuclei
looked normal and intact but rarely showed indentation
and/or with condensed chromatin. Generally, the fen-
estrations looked normal but rarely seemed to be fewer
in number, lost or disorganized. Luminal RBCs looked
normal but occasionally they were swollen or marginally
invaginated. Podocytes looked normal with well-defined
nuclei and abundant cytoplasm. However, in some podo-
cytic cells, the nuclei were indented or showing unevenly
distributed chromatin material and/or with cytoplasmic
vacuolization. The endoplasmic reticulum (ER) and mito-
chondria were generally normal, but some looked swol-
len. The foot processes were also normal and uniformly
distributed over the glomerular basement membrane
however, in rare cases the pedicles were detached, disor-
ganized, and rarely degenerated. Most of the mesangial
cells looked normal but some contained vacuoles and
indented or variable size nuclei. Generally, the glomerular
membrane was normal, however sometimes it appeared
thickened, swollen or variable in size. The overall picture
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may indicate that the filtration barrier resumed near nor-
mal physiological function by rehydration.

Proximal tubules: transmission electron micrograph

In controls (Fig. 2a), the transmission electron micro-
graphs showed normal proximal convoluted tubules
with well-defined long cuboidal epithelial cells bear-
ing intact nucleus depicting well-distributed chromatin
material, thick basement membrane and apical densely
packed striated brush borders extending towards the
tubular lumen. Numerous well-developed, intact mem-
brane bound mitochondria with prominent cristae were
located between the enfolding of basolateral plasma
membranes of adjacent cells with fine tight junctions.
Abundant lysosomal bodies, endosomes, rough endo-
plasmic reticulum, ribosomes, and peroxisomes were
exhibited throughout the cytoplasm. Prominent cyto-
plasmic vesicles were discernable in the basal compart-
ment within the enfolding of the basement membrane.
Synaptic complexes were abundant at the apical surface
of the cells near the brush border and extensive lat-
eral interdigitating membranes were observed between
neighboring cells without the appearance of distinct cell
margins.

The transmission electron micrographs of the proximal
tubules of dehydrated camels (Fig. 2b) displayed some
abnormal cuboidal cells with thin degenerated or broken
and detached brush borders extending from the surface
of the apical plasma membrane towards the lumen. The
nuclei of some of these cells showed condensed chroma-
tin, pyknosis, karyorrhexis, karyolysis and/or ruptured
nuclear membrane and membrane bound bodies. Fewer
swollen mitochondria with broken/ degenerated cristae,
were vacuolated or fused together to form enormous
cytoplasmic vacuoles. The ER was unevenly distributed,
fragmented or absent and fewer degenerated lysosome
with irregular membranous outline were evident. Close
to the apical plasma membrane, the interdigitating mem-
branes and synaptic complexes of adjacent cells were
visualized abundantly in some but rarely evident in other
micrographs. The basement membrane permeated with
collagenous fibers displayed variable sizes; being very
short, thin and broken at some area with wavy shapes.
Cytoplasmic debris with fragmented cytoplasmic orga-
nelles were pushed out into the tubular lumen.

Electron micrographs of rehydrated camel proximal
tubules (Fig. 2c) depicted normal nuclei with evenly
distributed chromatin material. However, in few cases
the nuclear chromatin was irregularly condensed,
the nuclei were small, pyknotic, indented or showed
karyorrhexis. In some tubules, the lumen was filled
with dead matrix. Most apical membranes displayed
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Fig. 2 shows electron micrographs of the proximal convoluted tubules
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o

(PCT, a-c), distal convoluted tubules (DCT, d-f) and collecting ducts (CD,

g-i) of the camel kidney; a PCT of normal, untreated camel with intact mitochondria (arrowhead) and microvilli (mv); b PCT of dehydrated camels
with degenerated mitochondria (arrowhead) and microvilli (mv) dotted with vacuoles; ¢ PCT of rehydrated camels have near normal mitochondria
(arrowhead) and microvilli (mv); d DCT of normal, untreated camels with intact cytoplasmic organelles; e DCT of dehydrated camels with bigger
mitochondria (arrowhead) and pyknotic nuclei (n); f DCT of rehydrated camels with almost intact cytoplasmic organelles. The CD in normal (g),
dehydrated (h) and rehydrated (i) camels appear to be intact. ep =epithelium; cap = capillary, n=nucleus. Scale bar=1 um

abundant brush borders with normal appearance and
showing vesicles, however, in few apical plasma mem-
brane regions, the brush borders looked partially
damaged or lacking along with lack of vesicles. Many
mitochondria were normal in shape; however, few of
them were small, vacuolated and partially or completely
degenerated. ER appeared normal and well distrib-
uted throughout the cytoplasm. Most of the lysosomes
looked normal and well distributed in cell cytoplasm
but in very rare occasions, they displayed abnormal
shapes. Vacuoles were abundantly observed in the cyto-
plasm. Most of the basement membranes were normal
in structure but sometimes they were wavy and invagi-
nated. Well-defined synaptic complexes and normal
interdigitating membranes between cells could be visu-
alized except in few areas where they were deteriorated.

Distal tubules: transmission electron micrograph

The transmission electron micrographs of control camel
group (Fig. 2d) displayed normal distal tubules with large,
rounded nuclei and well-defined nuclear membrane and
evenly distributed chromatin material. There were abun-
dant mitochondria with normal cristae, abundant well-
defined rough endoplasmic reticulum, free ribosome,
some lysosomal bodies, Golgi complex and few cytoplas-
mic vesicles. There were well-defined and thick basement
membranes, intact apical surfaces protruding into lumen,
interdigitating membranes extending from the basal lam-
ina towards the apical surface, and normal architecture of
synaptic and of gap junctions.

In the dehydrated group (Fig. 2e), the micrographs
revealed some normal distal tubular cells whilst oth-
ers were abnormally small and degenerated with abun-
dant vacuolation and degenerated organelles. Some
cells revealed shrunken/pyknotic, indented and/or
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degenerated nuclei with condensed chromatin mate-
rial near the nuclear membrane. Some of the nuclei
were without nuclear membrane, were spaced or bro-
ken, others showed fragmentation of nuclear material.
The mitochondria were swollen, vacuolated, broken or
degenerated and ruptured, the ER was sparse and some-
times degenerated. Lysosomes were few with some show-
ing vacuoles whilst others were observed in the tubular
lumen. The basement membrane was irregular with une-
ven thickness, being thin in some areas, full of collagen
fibers and on some occasions detached from the cells.
The apical plasma membrane seemed to be ruptured
in some cells and cytoplasmic material pushed into the
tubular lumen with the cellular debris. The lateral plasma
membrane was ruptured in some cells, with interdigi-
tating membrane between two cell compartments were
sometimes damaged or absent and no synaptic com-
plexes seen. Some connective tissue cells were dead.

In the rehydrated group (Fig. 2f), the micrographs of
distal tubular cells in most cases illustrated normal nuclei
but a few were pyknotic. The mitochondria, ER and lys-
osomes appeared normal in structure; however, in few
cases they looked degenerated, shrunken, or vacuolated.
The cellular basement membranes exhibited a mostly
normal appearance but sometimes were partially dam-
aged. The apical plasma membranes were normal in
most cases but on few occasions, they were broken and
protruded into the lumen with the cytoplasmic debris.
Lateral plasma membranes were normal along with well-
defined synaptic complexes.

Collecting ducts: transmission electron micrograph

The micrograph of collecting ducts of control camels
(Fig. 2g) depicted large nuclei with evenly distributed
chromatin material, normal mitochondria, rough endo-
plasmic reticulum (RER) and a few lysosomes. The base-
ment membrane, dome shaped apical plasma membrane,
interdigitating membranes, synaptic complexes were all
intact and normal.

The micrograph of collecting ducts of the dehydrated
animals (Fig. 2h) showed almost normal cells with large
nuclei and intact nuclear membrane with evenly distrib-
uted chromatin material, average number of mitochon-
dria, abundant lysosomes, RER, and free ribosomes. The
basement membrane looked intact with some collagen
materials between it and the connective tissue. Interdigi-
tating membranes were normal with intact gap junctions
and the apical plasma membrane were dome shaped and
intact. Very few cells showed shrunken/pyknotic nuclei
or damaged cytoplasmic organelles.

Micrograph of collecting ducts from rehydrated cam-
els (Fig. 2i) displayed normal cells with large nuclei
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and evenly distributed chromatin material. RER, free
ribosomes, lysosomes, mitochondria were normal. The
basement, luminal and interdigitating membranes were
normal and intact, however, in some places the base-
ment membrane was slightly thin. In rare occasions,
few nuclei were slightly shrunken, mitochondria not
abundant and a few cells were vacuolated.

Measurement of kidney function tests and glucose levels
in serum of experimental camels
Serum BUN, Cr, Na*, K*, ClI7, glucose, osmolality
and AVP of control, dehydrated and rehydrated cam-
els are presented in Table 3. Dehydration caused a
very high increase in serum BUN compared to con-
trol (p<0.001), which peaked 2 h after rehydration
and started to drop matching control values 12 h post
rehydration. BUN levels were statistically lower in rehy-
drated camels compared to dehydrated groups at 48
and 72 h post rehydration. Cr was significantly higher
in dehydrated (p<0.001) and rehydrated (p<0.001)
camels compared to controls. However, Cr was lower
in rehydrated (p<0.001) camels 72 h later compared
to dehydrated group. The concentrations of Na' and
Cl™ followed a similar pattern and were significantly
higher at 20 days of dehydration (p<0.01) and 2 h post
rehydration(p <0.01). Na and Cl dropped significantly
by rehydration (p<0.05) compared to the dehydrated
group but were not significantly different from controls.
Serum K* concentration was not significantly dif-
ferent between the treatment groups till the end of
the dehydration period. However, K™ values started to
rise significantly at 12 (p<0.05), 24 (p<0.01) and 48 h
(p<0.05) post rehydration compared to controls. Dehy-
dration caused a significant drop (p<0.05) in glucose
concentration. Glucose levels increased significantly
(<0.05) 2 h post rehydration compared to the dehy-
drated and control values. Between 12-24 h, glucose
values fluctuated but were significantly higher (p <0.05)
between 48-72 h after rehydration compared to dehy-
drated values. Dehydration caused a significant rise in
calculated osmolality, but values return to normal 12 h
onwards post rehydration. AVP was increased signifi-
cantly by dehydration and remained significantly higher
than the control throughout the rehydration period.

Measurement of acute injury markers in kidney cortex

and medulla homogenates

Level of MPO, KIM1, NGAL and CRP in kidney cor-
tex and medulla in addition CRP in plasma were meas-
ured (Table 4). No significant differences were observed
between all three groups of camels.
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Table 4 kidney cells biomarkers in renal cortex and medulla of control, dehydrated and rehydrated camels (M + SEM)
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Parameter Tissue type Control Dehydrated Rehydrated
/Plasma
MPO ng/mg tissue Cortex Medulla 21.29+08 210+14 19.8+1.3
16.8+0.5 17505 18106
KIM1 pg/mg tissue Medulla Cortex 6125+329 5924+99 5850+109
4903 +35.1 57294226 573.8+12.1
NGAL ng/mg tissue Cortex 299+32 288+15 312124
Medulla 28.0£1.19 273+12 237124
CRP pg/mg tissue Cortex 0.59+0.04 0.61+0.03 0.56+0.25
Medulla 049+0.01 0.52+0.03 0.49+0.02
CRP (ng/ml) Plasma 14+0.01 14+0.01 1.7+0.18

Measurement of fructose and SGLT2 (GLUT2) in kidney
cortex and medulla homogenates

Fructose level was generally higher in cortex than
medulla. Dehydration caused a significant elevation
in fructose levels in both cortex (p<0.01) and medulla
(p<0.05) but values significantly decreased (p<0.05)
by rehydration to attain control values (Fig. 3a). SGLT2
(GLUT2) depicted no significant change between con-
trol and dehydrated camels in both cortex and medulla.
SGLT2 (GLUT?2) levels were significantly elevated by
rehydration in both cortex and medulla (p <0.001) com-
pared to controls (Fig. 3b).

Measurement of uric acid in plasma

Mean uric acid concentration was very low in plasma
of control camels. Plasma uric acid content significantly
increased by dehydration (p<0.01) andrehydration
(p<0.01) but was still low compared to controls (Fig. 4).

a OControl
[ Dehydrated
ORehydrated

*%

Kidney Fructose
(ng/mg tissue)

Cortex

Medulla

However, these results are extremely low compared to
human subjects.

Expression of AVPR2 protein and mRNA in kidney cortex
and medulla

AVPR2 receptor protein levels were significantly down
regulated by dehydration in the cortex and displayed fur-
ther reduction 72 h after rehydration. However, in the
medulla no significant changes were evidenced by dehy-
dration and rehydration (Fig. 5a). At the levels of gene
expression, a similar reduction in AVPR2 mRNA levels
was seen in the dehydrated cortex compared to controls
(Fig. 5b), and levels remained low during rehydration. No
transcript changes were seen in the medulla.

Expression of aquaporin proteins and mRNAs in kidney
cortex and medulla

Quantification of AQPs 1, 2, 3, 4, 7 and 9 in kid-
ney cortex and medulla of control, dehydrated and
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Fig.3 a Fructose & b SGLT2 levels in kidney cortex and medulla of control, dehydrated and rehydrated camels. Significant difference from Control
group denoted by *p <0.05, **p <0.01, and from Dehydrated (Day 20) group by tp <0.05
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Fig. 4 Uric acid level in plasma of control, dehydrated and rehydrated camels. Significant difference from Control group denoted by *p <0.05

a 0 Control
250 - @ Dehydrated
[ Rehydrated
]
200 A
b
2
Q —~
g S
o o 150 A
< 2
c ¥
‘a W
8 E
£ % 100
o
"
o
>
50 -
0

Cortex Medulla

¢ Control
Dehydration
® Rehydration

1.5 =
o= T
‘ 1.0 I I
==

=

* Control
Dehydration

* ® Rehydration

2.0

Relative mRNA expression
(=Y
o
1

0.0 0.0
Cortex

Medulla
AVPR2

Fig.5 a AVPR2 (pg/mg kidney tissue) in kidney cortex and medulla of control, dehydrated and rehydrated camels (mean + SEM). Significant
difference from Control group denoted by *p <0.05, **p <0.01. b Relative mRNA expression of AVPR2, (n=5) in kidney cortex of control, dehydrated
and rehydrated camels using gPCR (mean + SEM, two-way, unpaired t-test with Welch correction). Significant difference between two groups

is denoted by p<0.05; *, p<0.01; **, p<0.001: ***

rehydrated camel is presented in Fig. 6a, b, ¢, d, e, and
f respectively. At the protein level, AQP4 was the most
abundant in the camel kidney and was slightly more
expressed in medulla followed by AQP2 which was also
more expressed in medulla followed by AQP3 which
was equally expressed in the two compartments and
then AQP1 which was also equally expressed in cortex
and medulla. AQP7 and AQP9 were very low, and the
former was equally expressed in cortex and medulla
while the latter was more expressed in cortex.

AQP1 (Fig. 6a) protein increased significantly by dehy-
dration and rehydration in both kidney compartments.
The increase of AQP1 protein in cortex after rehydration
was significantly higher than dehydration. Transcripts
increased in abundance on the cortex following dehydra-
tion, but not the medulla [41].

Dehydration caused no change in AQP2 protein levels
in cortex but produced a significant decrease in medulla
compared to controls. However, control values of AQP2
were restored by rehydration in medulla and over
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Fig. 6 a Aquaporin 1(ng/mg kidney) in kidney cortex and medulla of control, dehydrated and rehydrated camels (M + SEM). Significant difference
from Control group denoted by *p <0.05, *p < 0.01, ***p <0.001 and from Dehydrated (Day 20) group by 'p<0.05, "/p<0.01, ""'p <0.001.

b Aquaporin 2(ng/mg kidney) in kidney cortex and medulla of control, dehydrated and rehydrated camels (M + SEM). Significant difference

from Control group denoted by *p <0.05, **p < 0.01, ***p < 0.001 and from Dehydrated (Day 20) group by 'p<0.05, "'p<0.01, ""p<0.001. ¢
Aquaporin 3(ng/mg kidney) in kidney cortex and medulla of control, dehydrated and rehydrated camels. (mean+SEM). Significant differences
from control is denoted by *p <0.05. d Aquaporin 4(ng/mg kidney) in kidney cortex and medulla of control, dehydrated and rehydrated camels

(M +SEM). Significant difference from Control group denoted by **p <0.01. @ Aquaporin 7(pg/mg kidney) in kidney cortex and medulla of control,
dehydrated and rehydrated camels (M + SEM). No Significant difference between, Control, dehydration, and rehydration groups. f Aquaporin 9(pg/
mg kidney) in kidney cortex and medulla of control, dehydrated and rehydrated camels (M + SEM). Significant difference from Control group
denoted by *p <0.05, **p <0.01, ***p < 0.001 and from Dehydrated (Day 20) group by 'p <0.05, ''p <0.01, ' <0.001

expressed in cortex (p<0.05) (Fig. 6b). At the transcript
level, AQP2 gene expression is increased by dehydration
in both cortex and medulla, and returns to control levels
following dehydration [41]

AQP3 expression significantly dropped by dehydra-
tion in the cortex but levels were restored by rehydration,
however in the medulla AQP3 showed a non-significant
increase by dehydration which return to control values by
rehydration (Fig. 6¢). At the transcript level, AQP3 gene
expression is increased by dehydration in both cortex and
medulla and returns to control levels following rehydra-
tion [41].

Dehydration exerted no effect on the level of AQP4
protein in cortex. In the medulla, AQP4 protein levels
were increased by dehydration and rehydration (Fig. 6d).

AQP7 showed a very weak expression in both kid-
ney compartments and its levels were not affected by
dehydration or rehydration (Fig. 6e). AQP9 depicted
a weak expression especially in medulla. AQP9 was

downregulated in cortex by dehydration with a further
drop by rehydration. In medulla the levels of AQP9 sig-
nificantly increased by dehydration and rehydration
(Fig. 6f).

Expression of transcripts encoding AQPs 5, 6. 7 and
11 showed non-significant fluctuations in both cortex
and medulla by dehydration and rehydration, except for
AQP6, the expression of which dropped significantly fol-
lowing rehydration in medulla (Fig. 7).

Expression of SLC9A9 and SLC26A4 protein and mRNAs

in kidney cortex and medulla

Quantification of SLC9A9 activity values in kidney
cortex and medulla are presented in Fig. 8. SLC9A9
was more active in cortex compared to medulla.
SLC9A9 activity was down regulated (p<0.01) by
dehydration in the kidney cortex with a further sig-
nificant (p <0.001) drop with rehydration compared
to control values. In the medulla, SLC9A9 activity
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Fig. 7 RT-gPCR validation of genes coding for aquaporins. Relative changes in gene expression in the Arabian camel kidney, medulla and cortex
after severe dehydration and acute rehydration compared to controls. Comparison of the means by one-way ANOVA (Turkey'’s post hoc correction).
The boxplots are presented with the S.EM. (n=5), centre lines show median, box edges delineate 25th and 75th percentiles and bars extend

to minimum and maximum values. Individual data points represent biologically independent samples and data points within red triangles denote
outliers, all the outliers highlighted were included for the statistical analyses. ***p <0.001, **p <0.01, *p <0.05
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increased significantly (»p <0.001) by dehydration with
slight down regulation with rehydration to a level that
was still significantly higher compared to controls
(p<0.001). No changes in SLC9A9 transcript abun-
dance were evident [41].

The carrier protein for oxalate transport SLC 26A6
was higher in medulla compared to cortex (Fig. 9a).
SLC26A6 expression was significantly down regu-
lated in cortex and medulla by dehydration. However,
SLC26A6 values were significantly upregulated by
rehydration in both cortex and medulla compared to
values of the dehydrated group. The levels of SLC26A6
mRNA were significantly upregulated in the cortex by
dehydration and dropped significantly by rehydration.
In the medulla, the SLC26A6 mRNA was upregulated
especially during rehydration (Fig. 9b).

Measurement of growth factor 3 (TGF-f) kidney cortex

and medulla homogenates

Transforming growth factor p (TGF-f) in the kidney cor-
tex and medulla of control, dehydrated and rehydrated
camel is displayed in Fig. 10. There was no significant dif-
ference in TGFp values between control, dehydrated and
rehydrated camels in cortex and medulla.

Further gene expression measurements in kidney cortex
and medulla
The steady-state expression levels of mRNAs encoding
proteins involved in different cell activities in the kidney
cortex and medulla are presented in Fig. 11.

SLC6A6 mRNA expression displayed a significant
increase in both cortex (P<0.01) and medulla (P<0.05)
by dehydration and then dropped significantly to control
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Fig. 10 TGF (ng/mg kidney tissue) in kidney cortex and medulla of control, dehydrated and rehydrated camels (M + SEM). No statistical difference

was detected

levels in cortex (P<0.05) and medulla(P<0.05). SLC20a
mRNA expression increased significantly in cortex by
dehydration but was unchanged in the medulla. Rehydra-
tion induced no effects on SCLC20a mRNA expression.
The expression level of ATPIAImRNA trended down-
wards in the cortex following dehydration but returned
to control values because of rehydration. In the medulla,
ATPIAI mRNA expression was not changed by dehy-
dration but was significantly increased after rehydration
compared to control (P<0.05) and dehydrated (P<0.05)
levels. The PCDH8 mRNA encoding a Ca ion binding
protein showed significantly higher (P<0.05) expression
level in the cortex following dehydration and rehydra-
tion (P<0.01). PCDHS8 expression trended downwards in
the medulla following dehydration but returned to con-
trol values following rehydration. Expression levels of the
SLC8AI mRNA, encoding a Na*t/Ca** exchanger protein
trended downwards in the cortex, but increased signifi-
cantly following rehydration (2<0.05) compared to con-
trol and dehydrated camels. Expression was unchanged
in the medulla.

The steady-state expression level of the KCNIP4
mRNA, encoding a voltage-gated K channel and Ca bind-
ing protein significantly decreased following dehydration
in the cortex of dehydrated compared to control (P <0.05)
and rehydrated (P<0.01) camels. KCNIP4 mRNA expres-
sion values in medulla exhibited no change by treatment.

(See figure on next page.)

Relative mRNA expression of the SLC2A11 gene, which
encodes a protein facilitating glucose cell membrane
transport, trended downwards following dehydration in
both kidney cortex and medulla but returned to control
values because of rehydration. However, there was a sig-
nificant expression level in cortex (P<0.001) and medulla
(P<0.001) of AMPD2 mRNA encoding enzyme AMP
deaminase in purine nucleotide cycle which expedites
fructose to form uric acid. The AMPD2 gene expressed
control values by rehydration in both kidney tissues.

NT5dc2 mRNA expression encoding enzyme 5-NT-
domain involved in uric acid formation, was upregu-
lated by dehydration in cortex (albeit not significant) and
medulla (p <0.05). However, its expression level dropped
to attain control values by rehydration in cortex and
medulla ((p<0.01). The SLC17A3d mRNA expression
encoding for transporter protein involved in excretion of
intracellular urates and organic anion was downregulated
in cortex by dehydration albeit not significant. However,
the SLC17A3d mRNA expression in cortex increased
significantly by rehydration (P<0.01). The steady-state
SDHA mRNA expression level encoding a major subunit
protein of succinate dehydrogenase in mitochondria res-
piratory chain depicted insignificant changes in both cor-
tex and medulla by dehydration and rehydration though
the gene expression was slightly increased in cortex and
slightly decreased in medulla by dehydration.

Fig. 11 RT-gPCR validation of the expression of key kidney genes. Relative changes in gene expression of key genes in the Arabian camel kidney
cortex and medulla after severe dehydration and acute rehydration compared to controls. Comparison of the means by one-way ANOVA (Turkey’s
post hoc correction). The boxplots are presented with the S.E.M. (n=5), centre lines show median, box edges delineate 25th and 75th percentiles
and bars extend to minimum and maximum values. Individual data points represent biologically independent samples and data points. All

the outliers highlighted were included for the statistical analyses. ***p <0.001, **p < 0.01, *p < 0.05. Genes are presented in alphanumerical order
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Regarding cytoskeleton of cells there was insignifi-
cant upregulation of CLDN4 mRNA expression level
of gene encoding for proteins involved in tight junction
of internal organs in cortex and medulla (P=0.503) by
dehydration. The gene mRNA expression remained high
in both cortex and medulla by the short period of rehy-
dration. The expression of steady-state MRPL57 mRNA
that encodes mitochondrial ribosomal protein subunit,
depicted a non-significant down regulation in cortex dur-
ing dehydration but it was significantly down expressed
after rehydration (p<0.05). The medulla expressed non-
significant changes in MRPL57 mRNA in both periods.
The expression level of NRTN mRNA coding for Neur-
turin protein that promotes neuronal survival displayed
significant changes during dehydration (p<0.001) and
rehydration(p<0.05) in cortex, but it displayed non-
significant changes in the medulla during both periods.
CLIP2 mRNA expression was significantly up regulated
in cortex and medulla in both periods. ANGPTL4 expres-
sion normally increases in response to inflammation and
hypoxia and acts as apoptosis survival factor for endothe-
lium, modulates vascular permeability and reduces vas-
cular leakage. ANGPTL4, mRNA transcript expression
level displayed significant increase in cortex compared
to control (p <0.001) during dehydration but significantly
dropped by rehydration (p<0.05). However, ANGPTL4
expression level was significantly increased by dehydra-
tion (p <0.01) and rehydration (p <0.05) in medulla.

Discussion

The camel kidney, with its special morphological charac-
teristics, plays a major role in water conservation during
dehydration. In the first part of this communication [30],
we reported mild elevation of some pro-inflammatory
cytokines, oxidative stress and apoptotic markers mostly
in the kidney cortex of the dehydrated and rehydrated
camels. In this report, we present, for the first time, mild
to moderate histopathological and ultrastructural kidney
lesions after long-term dehydration in the camel with a
quick rectification of the degenerative changes by rehy-
dration. These lesions included mild vacuolar degenera-
tion and focal necrosis of some epithelium and glomeruli
with casts in the tubular lumen. Ultrastructural changes
were evident in the kidneys of dehydrated camels, which
were mostly observed in some podocytes, mesangial
cells, endothelium, and epithelium of proximal and distal
convoluted tubules. However, the epithelium of collecting
ducts and the interstitial connective tissue in the medulla
were mostly refractory or with milder lesions. The cellu-
lar changes were generally degenerative in nature includ-
ing condensation of nuclear chromatin, vacuolization of
cytoplasm, swelling of mitochondria, degradation, or loss
of brush borders of proximal tubules and degeneration
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of lysosomes. However, nuclear pyknosis, karyorrhexes,
karyolysis, electron dense apoptotic-like bodies, loss of
cellular junctions and synaptic complexes were rarely
observed. The slight/moderate EM changes in the kidney
cortex of dehydrated camels might have been instigated
by the increased levels of pro-inflammatory cytokines
(IL-1B, IL-18), apoptosis and oxidative stress biomarkers
and accentuated by increased expression of pro-inflam-
matory (IL1B and IL18 mRNA), apoptotic (CASP3, TP53
mRNA) and MDA (PTGS1; ACSS2, GPI mRNA), levels
[30]. Most of these changes were only temporary and
largely mitigated but not completely obliterated by short
rehydration. It is worth mentioning that pro-inflamma-
tory and oxidative stress biomarkers were not increased
in the kidney [30] medulla and that is perhaps why the
EM lesions were less marked in that part of the organ.
Certain solute carrier proteins or their mRNA levels
might have contributed to the suppression of kidney cel-
lular lesions and/or vital functions, including, SLC9A9
protein and ATPi1AI, CLDN4, PCDHS8, CLIP2, NRTN,
ANGPTL4 and MRPL57 mRNA expression. Hydro-
gen ions (H") in Golgi apparatus/cellular organelles are
exchanged for Na* in cytoplasm across their membranes
to attain a proton balance and acid base balance by mem-
brane pump where SLC9A9 act as SLC carrier protein
[42]. The significant suppression of SLCIA9 protein for-
mation and potential retention of H* in cellular orga-
nelles by dehydration/rehydration might contribute to
degenerative changes observed in cortical cell organelles
whereas in the medulla the SLC9A9 had been upregu-
lated with little or no cellular changes. Also, the dam-
age of brush borders observed in EM was accompanied
by a tendency of down regulation of the ATPIAI mRNA
encoding the Na*/K™ ATPase of the Na*/K™ pump at
the brush borders of proximal tubules; perhaps due to
effect of hyperosmolality [43]. However, ATPIA1 mRNA
expression was upregulated in cortex by rehydration in
concordance with the renewal of brush borders. On the
other hand, there was upregulation of several mRNAs
encoding proteins that might contribute to the corti-
cal and/or medullar cell stability, integrity, and function
to overcome the effects of dehydration. This upregula-
tion included the CLDN4 mRNA encoding for a com-
ponent of tight junction protein and PCDH8 mRNA
encoding a calcium-dependent cell-adhesion transmem-
brane-protein allowing cell-cell contact and cytoskel-
eton regulation [44]. Similarly, in the cortical region,
there was upregulation of the CLIP2 mRNA encoding
a protein mediating interaction between membranous
organelles and microtubules, the NRTN mRNA encod-
ing the neurturin protein promoting neuronal survival
and the ANGPTL4 mRNA that encodes an apoptosis
survival factor protecting endothelium and modulating
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vascular permeability. However, there was no change in
the expression level of the SDHA mRNA encoding suc-
cinate dehydrogenase subunit involved in mitochondrial
respiration, which indicated a non-disruption of electron
transfer chain (ETC) and ATP production. Nonetheless,
mitochondrial MRPL57 mRNA expression level, coding
protein subunits of oxidative phosphorylation [45], evi-
denced a down regulation. This gene and its members act
as apoptosis inducing factors when overexpressed [46].
The under expression of MRPL57 mRNA, normal expres-
sion of SDHA mRNA and upregulation of ANGPTL4
mRNA might contribute to ATP production in cortical
epithelial cells to prevent at least cleaved PARP1 enzyme
from inducing caspase-independent apoptosis during
energy crisis [47, 48]. It is worth noting that we reported
upregulation in un-cleaved PARP1 but stable PARPI
mRNA expression during dehydration/rehydration in
cortex and medulla [30]. In the medulla, where most cells
were normal, the SLC9A9 protein, ATP1IA1, CLDN4,
PCDHS, CLIP2, NRTN, ANGPTL4 and MRPL57 mRNAs
expressions were either upregulated or within the control
values by dehydration/rehydration.

The kidney lesions, mainly in cortex, in dehydrated
camels were different from that induced by hypoxia in
ischemic renal injury which is characterized by efface-
ment of podocytes and disruption of slit diaphragm [49]
and that observed in short dehydration in rabbits, with
podocytes and their major processes showing reversible
flattening and spreading simulating post-ischemic acute
renal failure [24]. Also, the kidney lesions in the dehy-
drated camel were less marked and totally different from
that reported for the Mesoamerican nephropathy/CKD
caused by chronic recurrent dehydration in humans.
CKD is characterized by interstitial fibrosis, extensive
glomerular sclerosis, podocytic injury, atrophy and dila-
tation of renal tubules, loss of brush borders and acute
inflammation resulting from repetitive acute cell injury
[26, 50]. These lesions of CKD were accompanied by
elevation of serum Cr, increased urine NGAL, reduced
GFR, albuminuria, hypernatremia, hypokalemia, and
progressive renal failure [22, 51]. We reported increased
Cr and BUN and were attributed to insidious kidney
lesions observed in histopathology/EM and/or due to
loss of body mass but not to acute tubular injury as its
biomarkers (NGAL, KIM1), CRP and MPO [52] were not
changed in experimental camels.

The net Na retention and other solutes are gener-
ally considered to be the hallmark in the hyperosmo-
lar state which drives the consequences of dehydration.
In the dehydrated camel, we reported increased serum
Na, osmolality, and vasopressin levels. In this context,
we also reported upregulation in expression level of the
SLC6A6 mRNA encoding a Na/Cl dependent transporter
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protein, the SLC20a mRNA encoding a Na*/phosphate
cotransporter protein and medullary SLC9A9a Na/pro-
ton exchanger protein, but without change in mRNA
SLC9A9a expression and down regulation of the SLC8A 1
mRNA which encodes a protein facilitating cellular exit of
4 Na™ ions in exchange for one Ca** ion cell entry, hence
expediting intracellular Na™ retention. The changes in
SLC6A6; SLC20al and SLC8A1 mRNA expression levels
were rapidly recovered in the cortex by rehydration.

Since long-term dehydration in the camel kidney and
CKD in human and animal models share common etio-
logical factors why they do not exhibit similar kidney
lesions? It is intriguing to investigate the factors behind
these differences. It has been suggested that the lesions
induced by intermittent dehydration in CKD are attrib-
uted to three factors. These include elevation of vaso-
pressin by hyperosmolality [25], increased endogenous
fructose via activation of polyol pathway with ATP deple-
tion [22, 53] and raised uric acid concentration with
formation of oxidants species and inflammatory media-
tors [54]. Vasopressin elevation during dehydration has
been implicated in progression of CKD in human and
animal models [25]. The long-term dehydration in the
camel induced plasma hyperosmolality, vasopressin and
cortisol elevation. Nonetheless, AVPR2 receptor was
suppressed and AVPR2 mRNA expression was down
regulated in dehydrated camel which could lead to down
regulation of AVP-induced signaling, making an obvious
difference between the two disease entities. AVPR2 down
regulation in our cases could be attributed to desensiti-
zation phenomenon induced by long term-exposure to
AVP stimulation [55] and/or possibly due to an increased
PGE2 which impedes AVPR2 receptor in chronic dehy-
dration by inhibition of its mRNA expression [56]. PGE2
increased following dehydration in different species [57,
58] including camel [59]. However, our RNAseq data
[41] revealed no change in PTGES2 expression following
dehydration in the kidney, although significant upregu-
lation is predicted in the medulla following rehydration
[41].

It has been hypothesized that activation of the polyol
pathway is implicated in CKD through series of enzyme
reactions. Thus, during dehydration aldose reductase,
rich in the proximal convoluted tubules, is activated by
hyperosmolality to reduce glucose to sorbitol where the
latter is oxidized to endogenous fructose by sorbitol
dehydrogenase [22].

Although fructose levels were significantly elevated in
both cortex (30.5 vs control 23.3 nmol/l) and medulla (22
vs control 15 nmol/l) of dehydrated camels compared
to controls, the rise constituted only half that reported
for kidney cortex of mice model for CKD (60 nmol/l vs
30 control nmol/l) [60] when the results are adjusted
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to similar units. These differences may be attributed to
sorbitol dehydrogenase activity being generally low in the
normal camel [61]. Moreover, there was a significantly
lower serum glucose levels during dehydration. Similarly,
there was down regulation of SLC2A11mRNA expression
and normal SGLT2 (GLUT2 protein: facilitates glucose
transcellular transport) with limited available glucose for
conversion to sorbitol [62]. Therefore, the polyol pathway
seems not to be triggered in dehydrated camels to pur-
sue ROS formation to induce kidney injury as in humans.
Thus, the fructose handling by this pathway constitutes
another difference between humans and camels. The
dehydration effects were temporary and SLC2411 mRNA
expression, tissue fructose and serum glucose assumed
control values by rehydration.

Proximal tubular injury in CKD can be induced by
the end products of fructose metabolism, such as uric
acid, and ATP depletion [25]. Excess endogenous fruc-
tose is converted by fructokinase to fructose-1-phos-
phate resulting in depletion of intracellular ATP and
leading to uric acid formation via the involvement
of a series of enzymes including AMP deaminase 2
(AMPD2), 5-NT and xanthine oxidase [63]. Intracel-
lular uric acid can induce oxidative stress in vascular
smooth muscles, endothelium, kidney tubules etc. via
the stimulation of NADPH oxidase or reaction with
peroxynitrite to generate oxygen/nitrogen reactive
radicles and chemokines [64]. There was a significant
relative increase in serum uric acid levels in both dehy-
drated (0.089+0.02 vs 0.059+0.008 mmol/l) and rehy-
drated camels (0.102+0.017 mmol/l) along with relative
increase in kidney fructose, upregulation of AMPD2
mRNA and NT5dc2 mRNA expression levels encod-
ing AMPD and 5-NT enzymes, and downregulation of
SLC17A3d mRNA expression encoding a voltage-derived
transporter protein involved in excretion of intracel-
lular urates. Despite this, the serum uric acid rise was
trivial and far below the lowest normal range for humans
(0.21-0.42 mmol/l) and mouse (0.12—1.5 mmol/1) [22]. It
is worth noting that uric acid concentration is generally
low in the camel [65] and the enzyme xanthine oxidase
has extremely low levels in camel tissues including the
kidneys [61, 66]. Therefore, the uric acid level in dehy-
drated camels was not high enough to induce kidney
lesions as seen in CKD. Tubular interstitial fibrosis/glo-
merular sclerosis and inflammation are the hallmark of
CKD and mediated by TGF-1 via stimulation of smad3
or smad7 pathways respectively [67, 68]. When intracel-
lular Ca™™* rise or influx through activation of Ca*™*-gated
KCa.3.1channel [69], it associates with calmodulin to
instigate TGF-P1 to induce signal transduction to trig-
ger smad pathways [70]. The KCa3.1 channel is encoded
by KCNN#4 gene and is controlled by a variety of kinases

Page 21 of 25

and phosphatases [28]. The absence of kidney fibro-
sis in dehydrated camels as per histopathology and EM
results was due to low level activity of this pathway. Our
RNAseq data [41] indicates that whilst the TGFB1 gene is
expressed at equivalent levels in both cortex and medulla
of the camel kidney, its expression is unchanged by dehy-
dration or rehydration and so is TGFB1 protein. On the
other hand, the KCCN4 gene is barely expressed at all in
the camel kidney; expression levels are very low in both
cortex and medulla and are unchanged by dehydration
or rehydration. It is worth noting that expression of the
KCNIP4 and SLC8A mRNAs encoding proteins related to
Ca** regulation/transport [71] were also depressed in the
cortex by dehydration. Down regulation of cellular Ca™"
might be an adaptive mechanism that safeguards cellular
organelles during dehydration [72, 73]. KCNIP4 mRNA
and SLC8A1 mRNA down regulation in cortex was abol-
ished by rehydration, whereas expression in medulla
remained at control values during the whole treatment
periods.

Dehydration is a risk factor for nephrolithiasis by
inducing low-volume saturated urine in human subjects
with Ca oxalate nephrolithiasis constituting more than
80% of Ca stones [74, 75]. Camels normally feed on high
dietary oxalates and blood ascorbic acid level is natu-
rally high. During dehydration it voids very few drops of
highly concentrated urine and shows increased inflam-
matory markers in kidney cortex [30]. Low urine volume
with high oxalate and high Ca*™* can lead to precipita-
tion of Ca oxalate nephrolithiasis which are very injuri-
ous [74]. SLC26A6 carrier protein, which mediates apical
membrane oxalate/Cl exchange, is normally upregulated
when oxalates are high in the body [76, 77]. Analysis of
SLC26A6 protein displayed a significant down regula-
tion in both cortex and medulla despite the upregula-
tion of SLC26A6 mRNA expression. This might suggest
that increased turnover of the protein is being com-
pensated by increased transcription of the gene. Taken
together, the results of histopathology, EM, serum Ca
and SLC26A6 protein expression might prevent the pos-
sibility of nephrolithiasis that could possibly contribute
to kidney lesions in the dehydrated camels. It has been
observed that kidney tissue damage and apoptosis caused
by chronic dehydration are less pronounced in desert
species than humans and laboratory animal models and
that was attributed to the obvious role of AQP water
channels [78]. Moreover, our recent finding that sup-
pressed tissue cholesterol biosynthesis may contribute
to water retention by the camel kidney during dehydra-
tion [41]. AQPs 1, 2, 3 and 4 channels in kidney cortex
and medulla seemed to be indispensable for the camel’s
durability to long-term dehydration and play an essen-
tial role in kidney tissue protection from injuries. AQP1,
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mainly located at the apical and/or basolateral mem-
branes of proximal tubules, descending loop of Henle
and descending vasa recta, facilitates water passage from
tubular lumen to cells with subsequent urine concentra-
tion [79, 80]. We reported a significant elevation of AQP1
mRNA expression in cortex of dehydrated camels [41]
along with increased level of AQP1 protein and that the
effect was even more pronounced by rehydration. AQP2,
located at the distal convoluted tubules and collect-
ing ducts, transports water from tubular lumen into the
cells via the apical plasma membrane [81]. The process
is facilitated by AVP/AVPR2 ligand/receptor binding to
induce urine concentration [82]. AQP2 is also expressed
in other organs and can be regulated by estrogen [21].
Dehydration robustly upregulated AQP2 mRNA expres-
sion level in both parts [41] and AQP2 protein in cortex
but down regulated in medulla. In general, AQP2 protein
level may not necessarily reflect the AQP2 mRNA levels.
For example, availability of the mRNA for translation is
sometimes subject to micro-RNA (miRNA) mediated
molecule sequestration or degradation [83]. Inappetence
observed in dehydrated camels and/or the down regula-
tion of AVPR2 receptors might contribute to AQP2 pro-
tein depression in the medulla during dehydration [84].
AQPs 3 & 4 facilitate water passage from cells of distal
convoluted tubules and collecting ducts to circulation
via basolateral transmembrane transmission against the
osmotic gradient [85]. However, these two aquaporins
are separately located and regulated [84]. It has been
reported that AQP3 mRNA expression and protein level
were upregulated by sustained vasopressin stimulation,
whereas AQP4 expression was not affected [86]. AQP3
mRNA expression level was significantly upregulated
in cortex and medulla by dehydration [41], but AQP 3
channel protein was down regulated in cortex, possibly
because of AQP3 mRNA sequestration, to control water
passage to the outside so as to protect the very active
cortical cells from stress injuries [83]. AQP3 channel pro-
tein levels displayed no change by treatments in medulla,
whereas cells are normally less active compared to that
in cortex, a process which can facilitate normal water
exit to support circulation. AQP4 mRNA expression was
very low in kidney in all groups during the experimen-
tal period. Although, AQP4 channel protein exhibited
no change by treatment in cortex, its real role in water
conservation was reflected in medulla where its levels
were increased by dehydration and rehydration possibly
to support the general circulation. AQP7, an aquaglyc-
eroporin channel, is mainly expressed in brush borders of
proximal convoluted tubules [87] and is extremely low in
the camel kidney (pg/g tissue) perhaps due to rapid glyc-
erol fermentation in rumen [88]. AQP7 seemed to play
little role, as the channel and AQP7 mRNA expression
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level revealed no changes in either kidney cortex or
medulla during the experimental periods despite the
partial loss of brush borders. Similarly, the expression of
the AQP9 mRNA and the AQP9 aquaglyceroporin chan-
nel in the camel kidney was very low. AQP9, protein
which normally expedites passive water transport against
osmotic gradient, was downregulated by dehydration and
rehydration in the cortex, but significantly increased its
expression in medulla against the great osmotic gradi-
ent created by the countercurrent multiplier mechanism.
Although, we have not measured AQP5, AQP6 proteins
and AQP11 aquaglyceroporin channels to draw a genu-
ine conclusion, the expression of the AQPS5, AQP6 and
AQPII mRNAs were largely unaffected by treatment,
although the expression of the AQP6 mRNA was sig-
nificantly depressed in medulla by rehydration. In con-
clusion, long-term dehydration in camels caused only
temporary histopathological, ultrastructural kidney
lesions, possibly induced by mild inflammation, apopto-
sis, and OS along with gene modulation mostly to favor
cell survival. AVD, fructose, uric acid, TGFp and urine
oxalate nephrolithiasis seemed to play minor role if at all
in inducing severe kidney lesions as that seen in CKD.
Modulation of SLC proteins, Aquaporins 1, 2, 3, 4, 7, 9
water channels and regulation of mRNA expression lev-
els during dehydration/rehydration are suggested to play
a major role in water conservation and cell survival. Thus,
the camel kidney has a remarkable capability to with-
stand continuous long-term dehydration and quick rehy-
dration that surpasses that of humans and animal models
subjected to CKD.
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