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Abstract

Accumulating evidence indicates the associatiowéen changes in circulating sex steroid
hormone levels and the development of diabetic roggathy. However, the renal synthesis of
steroid hormones during diabetes is essentialljpawk. Male Wistar rats were injected with
streptozotocin (STZ) or vehicle. After one week,amanges in functional or structural
parameters related to kidney damage were obsemv®&d@4 group; however, a higher renal
expression of proinflammatory cytokines and HSP&8 wund. Expression of

Steroidogenic Acute Regulatory protein (StAR) ad&®scc (CYP11A1) was decreased in
STZ kidneys. Incubation of isolated mitochondriahn22R-hydroxycholesterol revealed a
marked inhibition in CYP11A1 function at the meduji level in STZ group. The inhibition



of these first steps of renal steroidogenesis ity &I Z-induced diabetes led to a decreased
local synthesis of pregnenolone and progesterdmesd findings stimulate investigation of

the probable role of nephrosteroids in kidney daemaggsociated with diabetes.

Keywords: kidney; steroidogenesis; diabetes; CYP11A1; StAiRRgpenolone

Abbreviations: 33-HSD, 3-hydroxysteroid dehydrogenase; CX, renal cortexPCYA1
P450, side chain cleavage enzyme; DN, diabetibnogathy; FEglucose, fractional

excretion of glucose; FES, fractional excretion of water; FENdractional excretion of
sodium; GFR, Glomerular filtration rate; HSP70, tre#ock protein 70; ILf, interleukin-
1B; IL-6, interleukin-6; IMM, inner mitochondrial mdmane; M, renal medulla; MPO,
myeloperoxidase; P4, progesterone; P5, PregnendftiAgeradioimmunoassay; StAR,
Steroidogenic Acute Regulatory protein; STZ, sweptocin; T, testosterone; TGF-
transforming growth factds; TSPO, 18 kDa Translocator Protein; UFR, urinavflate

1. Introduction
Despite novel therapies and approaches, nephroastiyf a leading cause of mortality in
diabetic patients. The development of diabetic nepdithy (DN) is a slow process that
usually becomes clinically evident after severargeand continues with a progressive
deterioration of kidney function. Signs of renafhrdage include microalbuminuria and
decreased glomerular filtration rate (GFR) (Sulaip019). The alterations in the renal
structure that characterize DN are associated pvamflammatory and profibrotic
phenomena. Transforming growth facBofTGF{3) plays a fundamental role in the
hypertrophic process and in the profibrotic mar#gsns, including glomerulosclerosis and
interstitial fibrosis (Ziyadeh, 2004). The inflamtoey process generates a stress
environment, which could induce the expressioneatishock protein 70 (HSP70) to
counteract the deleterious effect of pro-inflammatytokines (Chebotareva et al., 2017).
The major goal of basic research related to DN isxjpand the knowledge of the
mechanisms responsible for the onset and progressiihe disease. There is an urgent need
to detect early mediators of kidney damage thatiaeful as predictors and / or therapeutic
targets in DN.
Accumulated evidence points toward a strong assogibetween changes in circulating sex
hormone levels and kidney disease in diabetic piti@varic, 2009, Wang et al., 2019). In
animal models of diabetes, it was observed thatl @eterioration coincides with alterations



in the plasma levels of steroid hormones, suclestesterone, estradiol or progesterone, and
the restoration of the levels of these hormonesdad an improvement in kidney damage.
(Xu et al., 2008 and 2009; Prabhu et al., 2010;iNrasso et al., 2011; Al-trad et al., 2015).
This information strongly supports the relevancstefoid hormones in the pathophysiology
of diabetic kidney disease.

The effects of steroid hormones on the kidney nepedd on the levels of circulating
hormones and on the synthesis and / or metabolisrarmones in the kidney tissue itself.
The adult rat kidney is capable of metabolizingatehormones (Dalla Valle et a., 1992 and
2004) and we previously reported that it also sgsittes pregnenolone, the precursor of all
steroids (Pagotto et al., 2011). Therefore, thedydcan be considered as an extra-glandular
steroidogenic organ, and the steroids that ardlyoegnthesized / metabolized might act as
paracrine or autocrine factors playing a role m timintenance of renal physiological
functions and/or in the progression of pathologgitlations (Dalla Valle et al., 2004;
Pagotto et al., 2011). This point of view encousatle investigation of the renal
steroidogenic capacity in an experimental modeliabetes.

The first step in the steroid biosynthesis pathwsaie translocation of cholestefodm outer
to innermitochondrial membrane, where cytochrome P450ch@én cleavage enzyme
(CYP11A1) catalyzes its cleavage to pregnenoloaek@sh et al., 1986). Cholesterol
delivery from outer to innanitochondrial membrane is promoted by Steroidog&wigte
Regulatory protein (StAR) (Krueger and Orme-Johnd®83, Lin et al., 1995). For a long
time, the 18 kDa Translocator Protein (TSPO) wdiebed to be another requirement for
regulating cholesterol transport and a series péarments demonstrated its association with
StAR in cholesterol transfer (Krueger and Papadtgs1 990, Papadopoulos and Miller,
2012). However, this evidence accumulated overakshas been recently challenged by
experiments indicating that TSPO would not be dsador steroid biosynthesis; thus, the
role of TSPO remains uncertain (Stocco et al., 200f7erefore, the first steps of the renal
steroidogenic pathway, which determine deanovo synthesis of pregnenolone and the
consequent production of other nephrosteroidschigidepend on the proteins: StAR,
CYP11A1 and, probably, TSPO.

The main objective of this work was to investigtite effects of short-term diabetes, prior to
the onset of kidney injury, on renal expressiopmiteins involved in steroidogenesis and on
the local synthesis of pregnenolone. Indicatonstdmmatory and profibrotic processes and

HSP70 expression in kidney tissue were also evaduat

2. Materials and methods



2.1.Animals and treatments
Adult male Wistar rats (3 months, 300-350 g bodygwg were used in this study. All
animal procedures were conducted in accordancethegtiGuide for the Care and Use of
Laboratory Animals (8th ed., 2011, published by National Academies Press, US) and
approved by our Institutional Animal Care and Usertittee.
Diabetes was induced by a single intravenous igeaif 50mg/kg b.w. streptozotocin (STZ;
ICN, catt 100775) dissolved in a citrate buffer solutiorl{@.citric acid, 0.1M sodium
citrate pH 4.50). Age matched controls (C) receigely the vehicle. After five days, the
animals were placed in individual metabolic cageswo days for acclimation as previously
described by our group (Brovedan et al., 2017). foHewing day, one week after the STZ or
vehicle injection, urine was collected over a perd 16 hours (6:00 p.m. to 10:00 a.m.). At
the end of this period, rats were anesthetized sathum thiopental (70 mg/kg b.w., i.p.).
Blood was collected from inferior cava vein andriagls were removed for further
experiments. Tissue from cortex (CX) and medulld Was separated as required. Blood was
centrifuged and serum was separated for the measatef progesterone (P4), testosterone
(T) and for biochemical determinations. Urine votumas recorded and urinary albumin,

creatinine, glucose and sodium were determined.

2.2.Histopathological studies
According to the standard procedure, the kidney®\weepared for observation by light
microscopy. The tissue was fixed in 10% formaldehymbedded in paraffin, and sectioned
(5 um). The sections were stained with haematoxarith eosin (H&E) or periodic acid —
Schiff (PAS) or Masson's trichrome or Direct Redptric acid and examined under a light

microscope.

2.3.Myeloperoxidase activity
MPO activity was measured in total homogenatesesqusly described (Pompermayer et
al. 2005). To verify MPO heat resistance, the tubese incubated in a water bath for 2 h at
60 °C (Schierwagen et al. 1990) and then centrdudge 15 min at 10 000g at 4 °C. MPO
activity was measured by verifying the change inaa density (OD) at 652 nm in the
presence of 1.6 mM tetramethylbenzidine and 0.5 H#®2 in 80 mM NaPO, (pH = 5.40).
Results were expressed as relative units of MPOfAget tissue, with one unit of MPO

being the amount of enzyme that breaks down 1 puKd2H2min at 25 ° C.

2.4.1solation of Mitochondria



Fragments of CX and M tissue from C and STZ graupse homogenized (1 g of tissue per
5 ml of buffer) in isolation buffer (IB) containirgucrose 0.27 M, EDTA 1 mM, Tris-HCI 5
mM and a mixture of protease inhibitors (phenylrngstifonyl fluoride 1 mM, leupeptin 1
mM), pH 7.40. Homogenates were centrifuged at 5afF 40 min at 4°C. The resulting
supernatant (total homogenate, H) was centrifugg®&ba0 g for 15 min at 4 °C. The pellet,
consisting of mitochondrial fraction (MIT) was thessuspended in 800 pul of IB for isolation
of mitochondrial membranes or in reaction buffargoegnenolone synthesis as described in
29..

2.5.1solation of inner mitochondrial membranes
The preparation of the inner mitochondrial membr@di®M) was carried out by adding
digitonin to the MIT suspension of CX and M tissagepreviously performed in our
laboratory (Pagotto et al., 2011), following thehrique described by Calamita et al. (2005).
The enrichment in IMM was confirmed by immunoblottiusing an antibody against

prohibitin, a protein that is abundantly expresseldM (Nijtmans et al., 2000).

2.6.Reverse transcription polymerase chain reaction
IL-1B8, IL-6, TGF-B, TSPO and StAR mRNA levels in cortical and medylEamples were
measured by reverse transcription polymerase ¢kaution (RT-PCR) as previously
described (Pagotto et al., 2011). Total RNA wasaetéd using the Trizol Reagent method
(Invitrogen, Life Technologies) according to maratéeer’s instructions. The synthesis of
cDNA by oligo dT-primed reverse transcription wasfprmed using the Mooney Murine
Leukaemia Virus Reverse Transcriptase (M-MLV RTy(lrogen, Life Technologies). The
primers and Tm used were: I[3:1Tm 58°C, product length: 184 bp, forward 5'-
CTGACAGACCCCAAAAGATT-3, reverse 5-AGAAGGTGCTCATGCCTCA-3’; IL-6:
Tm 65°C, product length: 154 bp, forward 5" -TGGAGNCAGAAGGAGTGGCTAAG-3,
reverse 5-TCTGACCACAGTGAGGAATGTCCAC-3’; TGBL: Tm 54°C, product length:
293 bp; forward 5"-GACTACTACGCCAAAGAAG-3', reverds-
TCAAAAGACAGCCACTCAGG-3’; TSPO: Tm 58 °C, productrigth: 234 bp, forward 5°-
GTACAACTGTCCCCGCATG, reverse 5 CCATGCTCAACTACTATRAITGGC-3;
StAR: Tm 57 °C, product length: 746 bp, forward BACTACCCCTCTCGTTGTCCT-3',
reverse 5-CCAGGAGCTGTCCTACATCCAG-3' ; GAPDH: proct length: 452 bp,
forward 5’-TCCACCACCCTGTTGCTGTA-3’, reverse 5'-
ACCACAGTCCATGCCATCAC-3’;p-Actina: product length: 911bp, forward 5°-
GGTGACGAGGCCCAGAGCAAG-3, reverse 5- GATCCACATCTGGGAAGGT-3'.



Amplified PCR products were electrophoresed in 1&tfdrose gels, stained with ethidium
bromide, and analysed using a Kodak Electrophof2stsimentation Analysis System. The

intensity of bands was measured by densitometrgdoriquantitation.

2.7.Immunoblotting Analysis
Samples were run on sodium dodecyl sulphate 8-p2@crylamide gels (SDS-PAGE)
(Bio-Rad Mini Protean 3, Hercules, CA, USA) as poegly described (Pagotto et al., 2011).
The detection of StAR was carried out in MIT samsptée detection of CYP in IMM
samples and the detection of HSP70, TSPO omllintotal homogenate samples. Separated
proteins were transferred onto nitrocellulose memes (BioRad). Membranes were then
incubated overnight with the corresponding primamgibody against: StAR (gift from Dr.
Walter L. Miller, University of California, San Fnaisco), CYP11A1 (gift from Dr. Dale B.
Hales, Southern lIllinois University, CarbondalegPO (Santa Cruz Biotechnology), 1B-1
(Abcam), HSP70 (Santa Cruz Biotechnology). Afteslanag, membranes were incubated
with HRP-conjugated anti-rabbit antibody (AmershBimscience) or with HRP-conjugated
anti-goat antibody (Santa Cruz Biotechnology). reanbranes were developed with
luminal-chemiluminescent substrate (ECLPlus, AmansiBioscience), according to the
manufacturer’s protocols. To verify the proteindiog in MIT and IMM samples,
membranes were incubated with an anti-prohibitittbaady (Abcam). Prohibitin is an
abundant chaperone protein localized in the IMMt(h&ns et al., 2000); and we have
previously used it as IMM marker and as a loadioigtiol in mitochondrial and IMM
fraction samples (Pagotto et al., 2011). An 8raictin antibody (Santa Cruz Biotechnology)
was used as loading control in total homogenatgksmnThen, membranes were revealed as

described above. Densitometric analysis of the @/adilot bands intensity was performed.

2.8.3AR and CYP11A1 Immunohistochemistry

Kidney slices from C and STZ group were fixed in%®/v phosphate buffer (PB)-formalin
solution pH 7.40 and embedded in low melting ppentaffin. Briefly, 5 um paraffin sections
were deparaffinized in xylene. After hydration,igah retrieval was carried out by
microwaving sections twice in 10 mM citrate buffgt 6.0 for 5 min. Sections were placed

in 3 % hydrogen peroxide in PB for 15 min to inhithie endogenous peroxidase activity, and
placed for 1 h at room temperature in 1 % bovimareealbumin in PB containing 0.1 %
Triton X-100 toblock nonspecific binding sites anditoprove antibody penetration. After
incubation with a polyclonal antibody against St@R70 dilution) or CYP11A1 (1:150
dilution) at 4 °C for 24 h, sections were washeddhimes with PB for 5 min. Tissue



samples were subsequently incubated with biotyedlgibat anti-rabbit immunoglobulin for
15 min, and then, incubated with streptavidin-HREgMarqué" HRP Detection System)
for 15 min. Immunoreactivity was detected with &M 3,3'-diaminobenzidine
tetrahydrochloride in PB with 0.03 #ydrogen peroxidev/v. The reaction was stopped by
adding distilled water. Sections were lightly camtained with hematoxylin, dehydrated,
cleared and finally mounted. As a negative contha,primary antibody was replaced with
normal rabbit serum in PB. Slices of rat adrenahd were processed in the same way and

used as positive controls.

2.9. Pregnenolone and Progesterone Synthesis
Pregnenolone (P5) and P4 synthesis protocol wasopisdy used in our laboratory (Pagotto
et al., 2011). The technique used was modified fotimers described by other authors
(Espinosa-Garcia et al., 2000; Esparza-Perusq0id)2Briefly, transformation of
cholesterol into P5 and P4 was measured in reabtiéfer containing 250 mM sucrose, 5
mM MgSQ;, 20 mM KH,PQ,, 25 mM Tris-HCI, 0.2 mM EDTA, 1mg/nfdovine albumin, 20
mM glucose-6-phosphate, 2 U glucose-6-phosphatgdidefgenase and in the absence or in
the presence of 50 uM 22R-hydroxycholesterol (22R2Q) a membrane-permeant
cholesterol analogue. MIT suspensions were inedbat 37 °C for 5 minutes in a shaking
bath. The reaction was started by the addition i sodium isocitrate, 0.5 mM NADP
and 0.5 mM NADPH (final volume 50 pl for medullarytochondria and 100 pl for cortex
mitochondria). After 45 min, the reaction was stegmith methanol. After methanol was

evaporated, the samples were used to determirfestla@d P4 concentration by RIA.

2.10. RIA measurements
Tissue P4 and T extraction was performed as prelyalescribed (Pagotto et al., 2011). The
preparation of samples for the measurement of B4”&nn mitochondria was explained in
Section2.9. Serum P4 and T were determined after two extnagtwith 5 ml ethyl ether
(Merck). All the evaporated residues obtained weseispended in RIA buffer (Na2HPO4 40
mM, NaH2PO4 30 mM, NaCl 150 mM, sodium azide 0.0g@batine 0.1%, pH 7.0) and
appropriate aliquots were assayed for P5, P4 doglRI1A, as previously described (Del
Puntaet al., 1996). The intraassay and interassay variatiare W.5 and 15.1% for P5, 8.0%
and 14.2% for P4 and 7.3% and 13.2% for T, respagtiRIAs were performed using
*HPregnenolone (50.5 Ci mmb)| *HProgesterone (80.2 Ci mmiland®HTestosterone (80
Ci mmol™*) (Amersham International, Buckinghamshire, GBxalume of 100 ul of each
sample was incubated for 16 h at 4 °C with 100fiH&4 or®HT or *HP5 and 100 pl of the
dilute corresponding antibody. After the incubatitive free hormone was separated from the



complex hormone-antibody using a carbon susper$arit A 0.5 % w/v-dextran 70 0.05 %
w/v in RIA buffer and then centrifuged at 1,4000g £0 min. The supernatants were
transferred to counting vials containing 2.5 msointillation liquid Hisafe 3. The
radioactivity was measured with Perkin EImer 28@0Lquid Scintillation Counter. The
utility range of the assay was 25 to 1,600 pg PR®f tube and 12.5 to 800 pg T / tube (final
volume 500 pl).

2.11. Analytical methods
Glucose, fructosamine, HbAlc, total cholesterol,L-tholesterol, creatinine and albumin in
serum and / or urine were determined by using camialkits (Wiener Laboratories,
Rosario, Argentina). The volume of urine was esteadaravimetrically. Sodium was
measured by flame photometry. Glomerular filtratiate (GFR), estimated by creatinine
clearance, urine flow rate (UFR), and fractionatrexion of water (FELD), glucose
(FEglucose) and sodium (FENavere calculated by conventional formulae. Pratsiere
measured with Coomasie brilliant blue G250 (Sedarak Grossberg, 1977).

2.12. Satistics
Results were expressed as mean + SEM of 5-6 olisersaStatistics was performed using
the one-way analysis of variance followed by t-&ntdbr Newman Keuls test as adequate. A
p-value< 0.05 was considered as statistically significant.

3. Results

3.1. General conditions and serum biochemical parameters one week after STZ-induced
diabetes

STZ-treated rats exhibited early stage diabetesaclexistics. A significant decrease in the
body weight (C= 351 £ 2, STZ= 302 + 3 g, p<0.01}h# rats was observed one week after
STZ injection compared to vehicle administratioratéf intake (C=5.4 £ 0.5, STZ=9.2 +
0.3 ml/d.100g, p<0.05) and urine flow rate (TabiB)lwere significantly higher in STZ
group compared to C group. Glucose and lipid mdisingparameters are shown in Table 1-
A. Serum glucose and fructosamine levels were antgdan STZ rats, while HbAlc
concentration was not modified by the treatmenictvis reasonable due to the short-term
hyperglycemia. The lipid profile shows increasedisetriglyceride values in rats treated

with STZ, without changes in total cholesterol @lHcholesterol levels (Table 1-A).

3.2. Renal function one week after STZ-induced diabetes



Renal function studies showed that short-term itneat with STZ induces no changes in
plasma creatinine levels or in glomerular filtrati@te estimated as creatinine clearance.
Tubular function parameters were significantly eféel by diabetes induction. Urine flow
rate and fractional excretions of water, glucosg sodium were higher in STZ-treated rats
compared to controls. Urinary albumin excretion wasaffected by the treatment. All these

data are summarized in Table 1-B.

3.3. Renal histology one week after STZ-induced diabetes

In histological sections stained with hematoxylos# (Fig. 1) and PAS (not shown), no
morphological alterations were observed in the Kitideys compared to C group.
Glomerular structure and the integrity of the broshder of cortical tubules were preserved
in the STZ kidneys.

Masson's trichrome and Direct Red 80/picric aciihst were performed to assess fibrosis

areas, which were not detected at this stage ofcedtdiabetes (not shown).

3.4. Kidney inflammation one week after STZ-induced diabetes

3.4.1. Inflammatory infiltrate
An interstitial inflammatory infiltrate, mainly ithe outer medulla and in the cortex was
found in STZ-treated animals. Inflammatory celilinfition consists primarily of

mononuclear cells with the presence of polymorpltear leukocytes (Fig. 1).

3.4.2. Myeloperoxidase activity

Myeloperoxidase activity was estimated as indicafqrolymorphonuclear leukocytes
infiltration. The enzyme activity was found to beieased in the kidneys of rats treated with
STZ, both in cortical (C=0.25 = 0.07, STZ= 0.90.25 O.D./min.g, p<0.05) and medullary
(C=0.22£0.06, STZ=0.74 £ 0.18 O.D./min.g, p&).tssue.

3.4.3. Pro-inflammatory cytokines expression

IL-1B and IL-6 gene expression levels were increaseenal cortical and medullary tissue of
rats treated with STZ compared to untreated anirdassmilar pattern was found when IL-
1B protein abundance was assessed by western begeThsults are presented in Fig. 2.

3.5. Renal expression of TGF-£ mRNA one week after STZ-induced diabetes



PCR experiments indicated that STZ treatment imrgeaRNA expression of TGFn
renal cortex. No significant changes were founth@expression of the messenger in

medullary tissue (Fig. 3).

3.6. Renal expression of HSP70 protein one week after STZ-induced diabetes

Expression of HSP 70 was investigated to assegetia response to stress induced by early
diabetes. An increase in HSP70 expression was\aasér both renal cortex and medulla of
STZ rats compared to control group (Fig. 4).

3.7. Serum concentration and renal content of progesterone and testoster one one week after
STZ-induced diabetes

P4 and T levels were determined by RIA. Resultpaesented in Table 2. It was observed
that serum concentrations of P4 and T were sigmtig decreased (60% and 80%,
respectively) in STZ group compared to C groupcétent in renal medullary tissue
decreased significantly in STZ-treated rats conghéwauntreated animals, while the
decreasing trend in cortical tissue did not reaahssical significance. T renal content was

found significantly decreased in the STZ group kadtbortical and medullary levels.

3.8. Renal expression of TSPO, SAR and CYP11A1 one week after STZ-induced diabetes
TSPO mRNA expression was not significantly changed STZ treatment in renal cortex or
medulla (Fig. 5). Also, no changes were found aldvels of TSPO protein in cortical or
medullary tissue (Fig.6).

A significant decrease in StAR mRNA expression waserved in kidney tissue of STZ rats
compared to C group. A reduction of approximatél{edin cortical tissue and 70% in
medullary tissue was observed (Fig. 5). StAR proteas detected in isolated mitochondria
samples by Western blot. As shown in Fig. 6, SEatiment induced a significant decrease
in medullary StAR protein expression. The 35% prokevels reduction found in cortical
samples did not reach statistical significance.

CYP11A1 protein abundance was investigated by We&tet in IMM-enriched fractions.
CYP11A1 protein expression was significantly desesbby STZ-treatment in both cortical
(33%) and medullary (65%) samples (Fig. 6).

3.9. Immunohistochemical renal localization of SAR and CYP11AL1 protein one week after
STZ-induced diabetes



Immunostaining for StAR and CYP11A1 can be sedfign7 and 8, respectively. Both
proteins showed similar immunohistochemical disttidn pattern along the nephron in
control kidneys, as previously reported by our gr@agotto et al., 2011). Positive staining
can be mainly observed in cortical distal convalutgoules (StAR: Fig. 7- A and B;
CYP11A1l: Fig. 8- A and B) and in outer medullarickhascending limb of Henle"s loop
(StAR: Fig. 7- E and F; CYP11A1: Fig. 8- E and &J.Z-treatment did not change the
distribution of these proteins in the renal stroesy) but immunostaining for StAR (Fig. 7- C
and D; G and H) and CYP11A1 (Fig. 8- C and D; G Hhavas markedly weaker compared

to the respective controls.

3.10. Renal synthesis of Pregnenolone and Progester one one week after STZ-induced

diabetes

Pregnenolone and progesterone synthesis was es@linasolated mitochondria from renal
cortex and medulla. Renal synthesis of these steinibasal conditions was previously
described by our group (Pagoto et al., 2011). gresent study compares the responses to
the addition of the membrane-permeable cholestaralogue, 22R-OHC, between
mitochondria isolated from control and STZ-treatats (Fig. 9).

In the absence of 22R-OHC no difference in P5 sgithrate was observed between C and
STZ groups. In control samples, the presence ofQER induced a 5-fold increase in
pregnenolone production at cortical level and dd@@-increase at medullary level. STZ
treatment did not change the rate of pregnenolgn#hssis in cortical mitochondria, but
caused a 95% reduction in medullary samples cordgarthe untreated group.

In the control group, the addition of 22R-OHC te tleaction buffer increased the rate of
progesterone synthesis in medullary mitochondrith mo change in hormone production in
the cortex samples. The increase in progesterarbesis in medulla was found to be

nullified in the STZ group.

4. Discussion

The main finding of this study is that an earlygsgt@f diabetes induces a decrease in renal
expression of steroidogenic molecules and inhibX®11A1 function and the consequent
local production of pregnenolone, the key precutsdhe other steroid hormones. Studies
from other laboratories have described the assonietween alteration in serum levels of
sex hormones and decline of renal function in ttegession of diabetes (Maric, 2009,

Wang et al., 2019). The evidence found in this wirht diabetes also inhibits local



steroidogenesis, would provide a novel and broagproach to studies of steroid hormones
in the pathophysiology of diabetic kidney disease.
A short-term diabetes model has been used in tilndly sAfter one week of STZ
administration, animals presented characterisfieady diabetes, including hyperglycemia,
polydipsia, polyuria and body weight loss. Anadysf the lipid profile showed that only
plasma triglyceride levels are increased in thesmals, indicating that the short-term
hyperglycemia has not been able to severely deelipid metabolism, as occurs in advanced
diabetes (Reaven E. and Reaven G., 1974; Newaaly, @002; Almeida et al., 2012). Renal
studies showed that STZ treatment induces diuneatsuresis and glucosuria. These
alterations in tubular function are consequendayperglycemia causing an osmotic diuresis
(Liamis et al., 2014). At an early stage of expemtal diabetes, we show that kidney
histology, serum creatinine levels and glomerulamafion rate are still preserved, and
urinary albumin excretion is not detected. Thesdences indicate that it is a stage prior to
renal decline, which occurs later after STZ in@et{Krishan et al., 2017). Activation of an
inflammatory process was found in renal tissuéneté diabetic rats. Besides an interstitial
leukocyte infiltrate, increased myeloperoxidasevégtwas detected, which would contribute
to oxidative stress and corroborates not only tesgnce of the leukocyte infiltrate but also
the activation of these cells (Maruyama et al.,£20&ebaert et al., 2000; Pompermayer et
al., 2005). We also observed an increase in mRNpession of the proinflammatory
cytokines, IL-6 and IL-f, in agreement with studies from other authors{g#&3igent et al.,
2000). In addition, an increase in protein expssif IL-1B in renal tissue of STZ groups
was demonstrated. The expression of T-AFMRNA was increased in cortical tissue of
diabetic rats. The increase in TGE-mMRNA has been reported since 24 h up to 15 weeks
after STZ administration in the cortex and par@éelyl in the glomeruli, the main target of the
TGF-1 trophic actions; increased TGHE-abundance was detected 2 weeks after STZ
treatment (Yamamoto et al., 1993; Shankland ef884; Lane et al., 2001). HSP70
expression was found to be increased in the kidokffsese short-term diabetic rats, as was
observed in rats from 4 weeks after administratib8TZ (Barutta et al., 2008). Interestingly,
other authors have described inhibition in stergatoc activity associated with inflammation
(Leisegang and Henkel, 2018; Slominski et al., 2@t3HSP70 expression (Liu and Stocco,
1997) in different experimental models. In turnidewice indicates that the processes of
steroidogenesis, inflammation and stress respoig@ mteract in a complex way (Khanna
et al., 1995; Jheng et al., 2015; Chebotareva,e2@17).

Therefore, at this early stage of diabetes tHady does not yet show obvious signs of

structural or functional impairment. However, somechanisms involved in the onset and



progression of diabetic kidney disease have alreaéy triggered, such as expression of
mediators of inflammation, fibrosis, and strespogse. In this scenario, renal
steroidogenesis was evaluated.

In a series of experiments, we studied the expess proteins associated with cholesterol
transport to the IMM. The expression of TSPO neititedhe messenger nor at the protein
level changed with STZ-treatment compared to therots. Nevertheless, the renal
expression of StAR was significantly decreasedatetic rats at the medullary level. This
reduction in the abundance of StAR could affecsame way, cholesterol transport. In our
pregnenolone synthesis experiments in the absdrg2ReOHC, we found low P5

production rate, which other authors call the pettsesis of pregnenolone from endogenous
cholesterol (Espinosa-Garcia et al, 2000). In teperimental conditions, no difference was
observed between control and STZ samples, alththegbxpression of StAR is decreased in
the STZ group. This finding suggests that StAR-petelent mechanisms could be involved
in cholesterol transport to IMM. StAR-independergamanisms have been proposed in
steroidogenic and non-steroidogenic cells (Milled &ucev, 2014). Cholesterol that reaches
the inner mitochondrial membrane is a substratéi®ICYP11A1, the rate-limiting enzyme
of steroidogenesis, which catalyzes the conversiamolesterol to pregnenolone. In a
previous work from our laboratory, we demonstrdted CYP11A1 localized in rat renal
tissue actually corresponds to an active form efahzyme (Pagotto et al., 2011). In the
present experiments, it was found that the expyass CYP11A1 was significantly
decreased in diabetic rats, which could affectIrsteoidogenesis. To assess the key enzyme
CYP11AL1 function, the rate of pregnenolone synthasthe presence of 22R-OHC was
evaluated in mitochondria isolated from the codad medulla of diabetic and control rats.
STZ treatment significantly decreased the raterefipenolone synthesis, this decrease being
more pronounced at the medulla level, approxime&@Bk compared to untreated group. The
important finding of this work is the decreaseenal steroidogenesis in STZ-treated rats.
Previously, we demonstrated that the steroidogeichinery in basal conditions is mainly
activated at the medullary level, suggesting thdhis region the paracrine/autocrine action
of steroids would be essential (Pagotto et al.,120Although such steroid actions have not
yet been elucidated, the presence of the compititeeastoriodogenic machinery in kidney
tissue strongly indicates that the local synthekisteroid hormones would have significant
biological implication. In this work, we demonsedtthat STZ treatment reduces
steroidogenic proteins expression and pregnendypmigesis to a greater extent precisely in
the medulla, suggesting that diabetes might impghrosteroids-dependent mechanisms.

Pregnenolone may be converted to dehydroepiandoostdy CYP17A1 (Cytochrome



P450c17), to pregnenolone sulfate by steroid salfsferase and to progesterone py 3
hydroxysteroid dehydrogenasé{BISD) in rat kidney tissue (Dalla Valle et al., 29&nd

2004; Kohjitani et al., 2006). Some indirect evidemnay lead to hypothesize that the
decrease in pregnenolone would be harmful to ttedy. In this sense, pregnenolone and its
metabolites have been reported to exert proteefieets, by modulating GABAreceptors,

on renal epithelial cells undergoing mitochondnmddibition (Waters et al., 1997). The
possible role of the GABAreceptor in the local regulation of kidney funatias

previously proposed by our group (Monasterolo gt1&l96). Recently, decreased
pregnenolone sulfate has been proposed as a biemarthe detection of end-stage kidney
disease (Boelaert et al., 2017), reaffirming thplication of this steroid hormone in renal
pathophysiology, and stimulating research on htstacgtions and its processing in the
kidney.

We found a significant decrease in progesterondyation in medullary mitochondria of
diabetic rats. This fact could be a consequentbeo$ignificant decrease in pregnenolone
synthesis, although alterations in the expressnoly @r activity of B-HSD should not be
ruled out. Tissue steroid content depends on upiBkeculating steroids and on local
biosynthesis. In this study, the measured levetgarbid hormones were markedly higher in
renal tissue than in systemic circulation, which ba considered as evidence in favor of
local steroidogenesis. Plasma progesterone coatiemtwas significantly decreased in
diabetic rats. However, the reduction of the prégresie content in kidney tissue was only
observed in the medulla, in coincidence with theréased progesterone production observed
“invitro” in medullary mitochondria of STZ-treated rats.€Bk results reinforce the idea that
local steroidogenesis would significantly contritd renal progesterone content. The
decrease in the renal bioavailability of progesterthat is already observed in this early
stage of diabetes could contribute to activatiodavhaging mechanisms. This speculation is
based on the fact that progesterone replacemembwap functional and structural
disturbances in experimental models of diabetidhngpathy in rats (Al-trad et al., 2015).
Advanced stage of experimental diabetes has bgenteel to cause other disturbances in the
renal steroidogenic pathway, such as increasedadasa activity associated with enhanced
tissue estrogen content and augmented expressesirofjen receptor alpha protein (Prabhu
et al., 2010). Aromatase inhibitor treatment atédad diabetes-induced kidney damage
(Manigrasso et al., 2011). Taken together, all émslence indicates that alterations of
different steps in the renal steroidogenic pathtede place since the onset of diabetes and

seem to accompany its progression. Neverthelessyikg the precise role of nephrosteroids



in renal physiology and in the development of kiddamage associated with diabetes
requires further investigation.

Experimental diabetes also inhibits steroidogenediise central nervous system, where it
has been proposed that the decrease in neurosteroudd be detrimental (Romano et al.,
2017 and 2018; Murugan et al., 2019). This evidarzkour results together suggest that the
diabetic state alters steroid biosynthesis in tiffé non-classical steroidogenic tissues,

triggering mechanisms with potential relevancetiierintegrity of these target organs.

Conclusion:

This study shows that a very early stage of diabeiguces the inhibition of renal
steroidogenic capacity, especially in CY11A1 fuactiwith the consequent decrease in the
production of pregnenolone, the precursor of aitatl hormones. This deterioration in
steroid synthesis takes place in an environmemtflammation and increased expression of
HSP70, factors that could be modulating the stexgedic process. Elucidation of both the
role of nephrosteroids and the possible inter@tstnip between local steroidogenesis,
inflammatory process, and HSP70 signaling pathveaysd expand our knowledge of the

pathophysiology of diabetic kidney disease and s&ponovative pharmacological targets.
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Table 1: (A) Glucose and lipid metabolism parametes and (B) renal function

parameters in control and STZ-treated rats.

Control STZ

A | Plasma glucose (g/l) 0.82 £ 0.05 3.50+0.75*
Plasma fructosamine (mmol/l) 1.25+0.21 2.17 60.0
Plasma HbA1c (%) 3.82+0.19 4.10+0.13
Plasma total cholesterol (mg/dl) 68 + 2 63+ 14
Plasma triglyceride (mg/dl) 53+5 106 + 22*
Plasma HDL-cholesterol (mg/dl) 23+1 22+1
Plasma LDL-cholesterol (mg/dl) 34+5 26 £ 4

B Plasma creatinine (mg/dl) 0.62 £ 0.08 0.73 £0.07
Creatinine clearance (ul/min.g) 410 + 50 338 + 55
Urine flow rate (ul/min.g) 5.0+0.2 8.7+0.6"*
FE H,0 (%) 1.33+0.08 216+0.32*
FE glucose(%) 0.016 + 0.002 3.723 +1.016 ]
FE N& (%) 0.33 £0.07 0.83+0.15*
mg albumin/mg Creatinine 0.42+0.17 0.48. 11

Measurements were performed one week after ST2licke administration. Values
represent means + SEM. Results were obtained fraas@er group. * p< 0.0% C.



Table 2: Serum and renal content of Progesterone arlestosterone in control and STZ-

treated rats.

Control STZ
Serum (pg/ml) 4.02 +1.32 1.65+0.54*
Progesterone | Renal cortex (pg/mg tissue) 13.7+2.6 11.0+1.2
Renal medulla (pg/mg tissue) 28.7 4.7 29+18*
Serum (ng/ml) 1.15+0.35 0.20+0.04 *
Testosterone | Renal cortex (ng/mg tissue) 29+0.6 0.58+0.2*
Renal medulla (ng/mg tissue) 43+1.1 0.62+04*

Values represent means + SEM. Results were obt&ioed6 rats per group. * p< 0.05 C.



Figure 1: Photographs of histological sections diidneys stained with H&E. No
morphological changes were observed regardingdhmuscular, tubular or vascular
structures in STZ section (B) compared to cont®)! (n the lower panel, a higher-
magnification view shows an interstitial inflammaganfiltrate in the perivascular areas of
the diabetic kidney (D). The infiltrate is not obgsd in control preparation (C).

Magnification is indicated in each photo.
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Figure 2: Renal expression of pro-inflammatory cyt&ines at an early stage of STZ-

induced diabetes.

Representative gel images show mRNA levels of [i&6B) and IL-13 (C, D) in cortical (A,

C) and medullary (B, D) renal tissue obtained frmontrol and STZ-treated rats.
Representative western blot images show the prtgeeis of IL-13 in cortical (E) and
medullary (F) renal tissue obtained from contral &TZ-treated rats. Bars represent mean *

SEM of 6 observations per group. * p< 0\35C.
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Figure 3: Renal expression of TGH1 mMRNA at an early stage of STZ-induced diabetes.
Representative gel images show mRNA levels of P&k cortical (A) and medullary (B)
renal tissue obtained from control and STZ-treastsl Bars represent mean + SEM of 6

observations per group. * p< 0.05C.
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Figure 4: Renal expression of HSP-70 at an earlyage of STZ-induced diabetes.
Representative western blot images show the prigeais of HSP70 in cortical (A) and
medullary (B) renal tissue obtained from contrall &TZ-treated rats. Bars represent mean *

SEM of 6 observations per group. * p< 0\@5C.
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Figure 5: Renal mRNA expression of TSPO and StAR aarly stage of STZ-induced
diabetes.Representative gel images show mRNA levels of TE#®) and StAR (C, D) in
cortical (A, C) and medullar (B, D) renal tissud¢abed from control and STZ-treated rats.

Bars represent mean = SEM of 6 observations pempgrop< 0.05vs C.
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Figure 6: Renal expression of TSPO, StAR and CYP11lAat early stage of STZ-induced
diabetes.Representative western blot images of protein $9€ITSPO in cortical (A) and
medullary (B) kidney tissue samples; StAR in caiti€C) and medullary (D) mitochondrial
samples and CYP11Al in cortical (E) and medull&)yifiner membrane mitochondrial

samples obtained from control and STZ-treated BExss represent mean £ SEM of 6

observations per group. * p< 0.05C.



Figure 7: Immunohistochemical expression of StAR irkidney tissue of control (A, B, E
and F) and STZ-treated (C, D, G and H) ratsThe slices were incubated with anti-StAR
antibody. The distal convoluted tubule (DCT) in teaal cortex (C and D) and the thick
ascending limb of Henle's loop (TAL) in the extdrmeedulla (G and H) of STZ-treated rats

presented lower staining intensity with respeatdotrols (A, B and E, F, respectively).
Cortical (I) and medullary (J) sections were indeban the presence of rabbit serum to
replace the primary antibody and no positive maalks wbtained. The specificity of the anti-
StAR antibody was corroborated using sections efattirenal gland (AG), observing a
positive immune mark (K). CD: collecting duct, R€nal corpuscle, PCT: proximal

convoluted tubule, CX: renal cortex, M: renal méalul



Figure 8: Immunohistochemical expression of CYP11Ain kidney tissue of control (A,

B, E and F) and STZ-treated (C, D, G and H) ratsThe sections were incubated in the
presence of anti-CYP11A1 antibody. Dimmer markiragwbserved in diabetic rat
preparations, especially in the distal convolutdzute (DCT) in the cortex (C and D) and in
tubules of the thick ascending limb of Henle's I§0AL) in the external medulla (G and H)
with respect to the controls (A, B and E, F, resipety). Cortical (I) and medullary (J)
sections were incubated with rabbit serum to repthe primary antibody, without obtaining
a positive label. The specificity of the anti-CYRIllantibody was corroborated using
sections of the adrenal gland (AG), showing a pasitnmune mark (K). CD: collecting
duct, RC: renal corpuscle, PCT: proximal convolutgaule, CX: renal cortex, M: renal

medulla.
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Figure 9: Renal synthesis of pregnenolone (P5) amqfogesterone (P4) at an early stage
of diabetes.Isolated mitochondria from renal cortex (CX) anédulla (M) were incubated
in reaction buffer in the presence (+22R-OHC) aegize (-22R-OHC) of 22R-
hydroxycholesterol for 45 min. P5 and P4 were mestsby RIA. Bars represent mean +
SEM of 6 observations per group. * p< 0M&xcorresponding group in the absence of 22R-
OHC. # p<0.05/s control.



Highlights
1. Early diabetes inhibits renal synthesis of preghmm®mand progesterone
2. Medullary CYP11A1l expression and function are sapped by STZ-induced
diabetes
3. Steroidogenesis inhibition occurs prior to funcéiband structural changes

4. Decreased steroidogenesis is associated with inflton and stress response
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Highlights
1. Early diabetesinhibits renal synthesis of pregnenolone and progesterone

2. Medullary CYP11A1 expression and function are suppressed by STZ-induced
diabetes

3. Steroidogenesisinhibition occurs prior to functional and structural changes

4. Decreased steroidogenesis is associated with inflammation and stress response



