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Abstract: Zidovudine (AZT) has significantly reduced the mortality and morbidity rates among AIDS patients,
but it has been associated with hepatotoxicity. AZT treatment has been linked to disrupted lipid and glucose
metabolism, and the enhancement of pro-inflammatory chemokines and other mediators, which can lead to
liver steatosis. In contrast, the administration of adenosine (ADO) has proven to be an effective hepatoprotector
against both acute and chronic liver damage. Therefore, present study was aimed to investigate the harmful
effects of chronic AZT administration and the beneficial effects of the co-administered ADO. Chronic oral AZT
administration did not induce hyperglycemia or dyslipidemia, but serum liver marker enzyme activities were
increased, as well as evidence of liver steatosis and inflammation. These findings were associated with low
insulin and glucagon levels, elevated serum levels of pro-inflammatory cytokines and disruptions in cell redox
states in these animals. ADO co-administration attenuated the deleterious effects induced by AZT: blocking
the production of inflammatory molecules, increasing serum insulin and glucagon levels, and restoring liver
cellular redox state. Then, blood insulin levels seemed to be greatly influenced by the cellular redox state, which
was altered by AZT administration. This alteration is likely to be connected to mitochondrial integrity and
metabolism.
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1. Introduction

Highly active anti-retroviral therapy (HAART) has significantly reduced mortality and
morbidity rates in AIDS patients [1]. Zidovudine (3'-Azido-3'-deoxythymidine or AZT) is a
nucleoside-analog reverse transcriptase inhibitor (NRTI), that remains as the cornerstone of treatment
for a substantial portion of HAART recipients in developing countries [2]. However, it is important
to note that all HIV drugs used in HAART are associated with varying degrees of adverse events [3].
Notably, HIV infection and antiretroviral drugs commonly impact organ systems such as the liver,
kidneys, and heart [4]. The antiretroviral activity of AZT relies on the generation of AZT 5'-
triphosphate [5]. Subsequent to this DNA damage, repair mechanisms come into play, primarily
through the Nucleotide Excision Repair (NER) pathways [6], which also induce cell cycle arrest [7].

The entry of AZT into mitochondria and its subsequent conversion into AZT-5'"-triphosphate
within this organelle have been associated with detrimental effects on mitochondrial function,
particularly when it becomes integrated into mitochondrial DNA (mtDNA) [8]. This interference
alters mitochondrial bioenergetics and increases H202 production which impacts on respiratory
complex-I function [9]. The elevated H20: levels rise reactive oxygen species (ROS) and peroxynitrite
production, triggering single-strand DN A breaks, lipid peroxidation, protein oxidation/nitration, and
mtDNA damage [10].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Prolonged exposure to antiretroviral drugs is associated with various long-term side effects,
including impaired replication of mtDNA, which is manifested as microvesicular steatosis,
steatohepatitis, or organ failure [11]. Additionally, long-term use of HAART has been linked to lactic
acidosis, which is considered another manifestation of dysfunction in the mitochondrial respiratory
chain [12]. Notably, the mitochondrial alterations induced by AZT appear to contribute to the
association between HIV, long-term HAART use, and conditions such as dyslipidemia and diabetes
mellitus (DM) [13], both of which are components of metabolic syndrome. It is worth emphasizing
that these effects of the antiretroviral agent AZT are concentration-dependent (in the range of 25 to
100 mg e kg') and time of exposure-dependent (ranging from 1 week to up to 12 weeks of treatment).

Administration of zidovudine alone or in combined HAART, have been associated with
lipodystrophy and disturbed lipid and glucose metabolism, leading to the release of pro-
inflammatory chemokines and mediators that increases the risk of DM and the onset of liver fibrosis
and/or steatosis [14]. Furthermore, recent research has demonstrated that at a standard clinical dose,
AZT reduces liver DNA synthesis and mitosis in rats subjected to 70% partial hepatectomy (PH),
since AZT hinders liver regeneration altering PH-triggering oxidative events that play a role in the
proliferation process [15].

Prior research conducted in our laboratory has demonstrated that the administration of
adenosine has been tested as a hepatoprotective agent following acute ethanol intoxication [16],
effectively preventing the accumulation of fat in the liver. Furthermore, adenosine delays the onset
of fatty liver, hepatic necrosis, and the early oxidative stress and lipid peroxidation induced by carbon
tetrachloride administration [17]. Notably, the administration of adenosine has been found to
substantially reverse experimental cirrhosis and restore liver function, which are accompanied by an
increased collagenolytic activity, due to decreased TIMPs levels, inhibition of cirrhosis-related
oxidative stress and the restoration of the liver's capacity to proliferate effectively [18].

To investigate further, we conducted a prolonged oral administration of AZT at a slightly
elevated dose, surpassing the therapeutic range (15 mg o kg), to Wistar rats over a treatment period
ranging from 1 to 8 weeks. During this study, we assessed the development of fatty liver, indicators
of inflammation, hepatic cell redox status, and alterations in serum levels of pancreatic hormones.
Additionally, we explored the potential of co-administering adenosine to mitigate the adverse effects
of AZT.

2. Material and Methods

2.1. Reagents and diagnostic kits

Zidovudine (AZT) and adenosine (ADO) were procured from Biosynth (Carbosynth Ltd.,
China). Enzymes, coenzymes, and various other reagents were acquired from Sigma-Aldrich
Chemical Co. (Mexico). Clinical metabolites were assessed using diagnostic kits sourced from
Spinreact (Barcelona, Spain).

2.2. Animal treatments

Male Wistar rats (n = 64) with an initial weight ranging from 190 to 210 g (2 months old) were
individually housed, forming four experimental groups of four animals. They have free access to lab
chow and water, within a controlled environment maintaining a 12:12-hour light/dark cycle. The
amount of consumed water was meticulously recorded to determine the appropriate volume for
dissolving AZT and ADO in the drinking water. This study was constituted for the following groups:
A) Control group receiving only water, B) Control group consuming ADO at a dose of 30 mg e kg
/day, C) AZT alone group consuming 15 mg e kg'/day of AZT, and D) Animals in the combined
treatment group, receiving 15 mg e kg-//day of AZT and 30 mg e kg'/day of ADO.

The treatment duration spanned from one to eight weeks, with a consistent intake of the
nucleosides. Afterwards, rats underwent an overnight fast, anesthesia, and euthanasia. Whole blood
was collected from the neck post-decapitation and serum was obtained through centrifugation. The
liver and spleen were weighed, and the organ-to-body weight ratio was calculated. Liver samples
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were extracted for histological analysis, and the remainder of the liver was stored at -20 °C. All animal
procedures adhered to the Biomedical-Ethics protocol of UNAM, in accordance with Federal
Regulations for Animal Care and Experimentation (Ministry of Agriculture, SAGARPA, NOM-062-
Z0O0-1999).

2.3. Determination of “clinical” serum parameters

We quantified the serum levels of glucose, triglycerides (TG), cholesterol, albumin, total
bilirubin, direct bilirubin, urea, and creatinine using diagnostic kits from Spinreact (Barcelona,

Spain).

2.4. Determination of serum “marker” enzyme activities

In the sera collected from our experimental animals, we assessed the activities of y-glutamyl
transferase (y-GT), amylase, and lipase using diagnostic kits from Spinreact (Barcelona, Spain). For
other enzyme activities, including lactate dehydrogenase (LDH), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and ornithine carbamoyl transferase (OCT), we employed
previously established methods [19]. Additionally, we quantified the serum activity of arginase
following the procedure outlined by Colombo and Konarska [20].

2.5. Measurement of Insulin, Glucagon, and Interleukin levels

Serum insulin and glucagon levels were quantified with ELISA kits sourced from RayBiotech
(USA), while the serum concentrations of Interleukin-13 (IL-1B), Interleukin-4 (IL-4), Interleukin-6
(IL-6), and Interleukin-10 (IL-10) were determined using ELISA kits obtained from Sigma-Aldrich
Chemical Co. (Mexico).

2.6. Histological assessment

Liver tissue samples were preserved in a 20% formaldehyde solution (pH 7.0 with PBS),
followed by paraffin embedding, and then sectioned into 5 pum slices. These sections were
subsequently stained with hematoxylin & eosin (H&E) using standard protocols. For histological
analysis, a minimum of 4 biological replicates were utilized for each treatment, and five sections were
systematically captured from each histological sample using a zig-zag approach. The primary
histological observations encompassed findings of fatty liver, inflammatory infiltrate, and
erythrocyte extravasation, which were graded as follows: 0 = absent, + = light, ++ = moderate, +++ =
severe.

2.7. Estimating NAD/NADH Redox Potential via Pyruvate/Lactate and Acetoacetate/f-OH Butyrate
Redox Pairs.

Acid extracts obtained from serum and liver samples were neutralized with 4 M K2CO3, and
metabolites as lactate, pyruvate, acetoacetate and 3-OH butyrate, were enzymatically determined as
described elsewhere [21].

2.8. Calculations and statistics

Cytoplasmic and mitochondrial NAD/NADH ratios were calculated using the following
formula: NAD/NADH = [oxidized substrate] / [reduced substrate] e 1/Keq, while considering
equilibrium constants for lactate and (-hydroxybutyrate dehydrogenases [22]. The results are
presented as mean + SE, and statistical significance of differences was evaluated through a two-way
ANOVA assuming normal data distribution. Subsequently, an ad hoc Newman Keul’s test was
applied, with significance defined as p <0.01.
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3. Results

3.1. Morphometric analysis and “clinical” parameters measured in sera from rats treated with AZT
and ADO.

Neither zidovudine (AZT) nor ADO treatments significantly impacted the weight gain during
the experimental procedure (data not shown). In addition, neither AZT nor ADO induced significant
hepato- or splenomegaly (data not shown).

The administration of ADO alone significantly reduced serum glucose levels at 4 and 8 weeks
compared to controls (Table 1). Administration of AZT led to significant hypoglycemia at 2 and 8
weeks post-treatment, which was rectified by combined AZT and ADO treatment. Indeed, co-
administration of AZT and ADO resulted in elevated serum glucose levels at the beginning of the
experiment (1 to 2 week; Table 1). ADO alone led to a decrease in serum TG levels compared to
controls, starting at week 2, similar to that observed after AZT treatment (Table 1). Co-administration
of AZT and ADO did not alter the reduced levels of circulating TG induced by either AZT or ADO
alone. Conversely, serum cholesterol levels were significantly reduced only with the concurrent
administration of the nucleosides at 2 and 8 weeks, in comparison to the control group (Table 1).

Table 1. Clinical parameters determined in sera from rats treated with zidovudine (AZT) and
adenosine (ADO).

Parameter (Time) Controls Controls ADO AZT AZT + ADO
Glucose

1 week 88+5 84+7 80+12 138 + 10%**
2 weeks 100+ 6 90+7 67 + 6* 137 + 12%**
4 weeks 107 +7 82 + 6* 101 +4 133 £ 11**
8 weeks 118 +9¢ 90 + 5* 67 + 3* 125 + 10**
TG

1 week 57 +5 50+8 50+ 6 5115

2 weeks 66+ 6 38 + 6% 40+ 7* 40 + 4*

4 weeks 50+4 31+£3* 34 +3* 45+7

8 weeks 61+7 35+ 4* 35+ 6* 33 +5*
Cholesterol

1 week 58 +6 58+9 47 +6 53+5
2 weeks 63+12 47 +3 54 +4 42 + 4*

4 weeks 60+ 11 48 +3 48 +3 47 +7
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8 weeks 54+5 49+4 41+6 35+ 5%
Albumin

1 week 3.1+£0.1 2.7+0.2 2.7+0.1* 2.7+0.2
2 weeks 3.1+£0.2 2.7+0.3 26+0.1 2.7+0.2
4 weeks 3.7+03 29+04 29+0.2 2.6+0.1*
8 weeks 28+0.3 2.8+0.3 2.7+0.1 33+0.3
Bilirubine (T)

1 week 0.37+0.11 0.38 £ 0.06 0.22 £0.04 0.22 £0.04
2 weeks 0.19+£0.03 0.14 £0.02 0.66 £ 0.18% 0.22 £0.04
4 weeks 0.44 £ 0.08 0.20 £ 0.03* 0.23+0.04 0.31+£0.05
8 weeks 0.29 +0.04 0.29 +0.05 0.14 +0.03* 0.44 + 0.07
Bilirubine (D)

1 week 0.05+0.01 0.06 £ 0.06 0.04 £0.01 0.14 + 0.03***
2 weeks 0.09 +0.02 0.02 £ 0.02* 0.07 £0.01 0.07 £ 0.02**
4 weeks 0.10 £ 0.02 0.08 £0.03 0.05 £ 0.02 0.04 +0.01*
8 weeks 0.08 +0.02 0.05+0.01 0.04 +0.01 0.03 £0.01
Urea

1 week 45+ 3 42+3 39+5 42 +3

2 weeks 47 +4 50+5 44+5 46 +4

4 weeks 40+4 44 +5 57 + 5* 49 +5

8 weeks 54+6 49+6 45+4 50+ 6
Creatinine

1 week 0.55 +0.04 42+3 0.53 +0.07 0.57+£0.5
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2 weeks 0.53+05 50+5 0.79 £ 0.09* 0.66 £ 0.06
4 weeks 0.64 +0.08 44 +5 0.86 £0.09 0.75+0.08
8 weeks 0.77+0.11 49+6 0.92+0.07 0.85+0.10

The 'clinical parameters' represent the mean + SE of 4 independent observations per experimental
point. All metabolites are expressed as mg ® dL-1, except for albumin, which is expressed as g ® dL-
1. Abbreviations: (T) = Total and (D) = Direct. Statistical significance: *p < 0.01 compared to controls,
*p < 0.01 compared to the AZT group, and #p < 0.05 compared to the control group (1 week of
treatment).

As indicators of liver function, we assessed serum albumin and bilirubin levels in rats treated
with AZT and ADO. Animals receiving ADO alone or AZT + ADO did not exhibit significant changes
in blood albumin levels (Table 1). Regarding total and direct bilirubin, a significant increase was
observed in total bilirubin after 2 weeks of AZT administration, which promptly returned to control
values (Table 1). Changes in total bilirubin appeared to be primarily associated with its indirect form,
as the serum levels of direct bilirubin were only elevated at the outset of the experiment with
combined treatment (Table 1). When assessing nitrogen metabolites as reflective of kidney function,
minor but statistically significant changes were observed in animals administered with AZT and/or
ADO (Table 1). Nonetheless, these results suggest that neither liver nor kidney functions were
significantly affected by our experimental treatments.

3.2. Effects of AZT and ADO on Serum Enzyme Markers for Liver and Pancreas Integrity

When evaluating enzyme activities as markers of liver integrity, including transaminases, LDH,
and y-GT, we observed that ADO alone did not alter the enzyme profiles of these markers. However,
the administration of AZT significantly increased serum activities of ALT and AST after 8 weeks, an
effect that was completely mitigated by concurrent ADO treatment (Figure 1A and B). We observed
an early rise in LDH activity when AZT was administered, which persisted throughout the
experiment; once again, co-administration of ADO normalized LDH serum activity (Figure 1C). In
contrast, AZT administration led to a reduction in y-GT activity compared to the control group, and
this effect remained unaltered by ADO administration (Figure 1D). Notably, the combined
administration of AZT and ADO resulted in the lowest serum activities for all of these enzymes
(Figure 1A to D).
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Figure 1. Effects of AZT and ADO on serum activities of marker enzymes for liver and pancreas
integrity. Results represent the mean + SEM of four individual observations per experimental group
for serum activities of alanine aminotransferase (ALT; panel A), aspartate aminotransferase (AST;
panel B), lactate dehydrogenase (LDH; panel C), y-glutamyl transferase (y-GT; panel D), ornithine
transcarbamylase (OCT; panel E), and arginase (panel F), all expressed as IU ¢ L-1. Additionally, the
pancreatic enzymes amylase (panel G) and lipase (panel H) are expressed in the same units. Control
values are represented by the horizontal gray bar. The symbols and colors represent the experimental
groups at the top of panel A. Statistical significance: *p < 0.01 compared to the control group, and **p
<0.01 vs. the group receiving AZT alone.

The serum OTC activity increased after 4 weeks of AZT treatment, but the combined treatment
led to a progressive and higher enhancement of this enzyme activity (Figure 1E). Conversely, ADO
alone or in combination with AZT induced a substantial reduction in serum arginase activity, while
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the AZT-alone group exhibited a pattern for arginase activity similar to that of LDH (Figure 1F). We
also assessed serum enzyme activities as markers of pancreatic integrity, specifically amylase and
lipase. Here, only lipase activity showed a significant increase at 8 weeks after AZT treatment, which
was effectively mitigated by co-administering ADO (Figure 1H). Unlike the metabolites described in
Table 1, enzyme variations were evident depending on the treatment tested (Figure 1).

3.3. Effects of AZT and ADO on Serum Insulin and Glucagon Levels

We sought to determine whether fluctuations in insulin and/or glucagon played a role in the
metabolic effects induced by the nucleosides in fasted animals. Oral ADO administration alone led
to an initial increase in insulin levels after 2 weeks, which normalized thereafter. While AZT
treatment alone did not result in significant changes, the combined treatment with ADO triggered a
substantial and sustained increase in insulin compared to both the control and AZT groups, which
disappears after 8 weeks of treatment (Figure 2A). In the same context, treatment with ADO alone or
in combination with AZT also elevated serum glucagon concentrations (Figure 2B), maintaining the
insulin/glucagon ratio in animals receiving the combined treatment when compared to the control
group, except for AZT at the latest experimental time, where augmented this ratio (Figure 2C).

FIGURE 2
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Figure 2. Effects of AZT and ADO on serum activities of marker enzymes for liver and pancreas
integrity. Results represent the mean + SEM of four individual observations per experimental group
for insulin (panel A) and glucagon (panel B), expressed as pmoles ¢ ml-1. In panel C, the
insulin/glucagon ratio is depicted. Control values are represented by the horizontal gray bar.The
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symbols and colors indicate the experimental groups at the top of panel A. Statistical significance: *p
<0.01 compared to the control group, and **p <0.01 vs. the group receiving AZT alone.

3.4. Histological assessment of the liver structure and serum levels of some cytokines involved in the
inflammatory process

Liver tissue slices were subjected to histological examination to assess the presence of the
following: 1) fatty change, 2) cell ballooning, 3) inflammatory infiltrates (PMN and macrophage cells),
4) hepatocellular disorganization, and 5) interstitial fibrosis. Figure 3 displays micrographs of liver
tissue specimens observed with a 40X objective. In the control group, only a slight accumulation of
fatty droplets was observed, primarily in relation to age. Conversely, animals treated with AZT alone
exhibited a gradual increase in fat droplets, becoming more pronounced from 1 to 4 weeks and
reaching peak accumulation at 8 weeks, indicative of liver steatosis (Figure 3). Co-administration
with ADO also resulted in a progressive fat accumulation, but by the end of the experiment, the extent
of fatty liver was significantly reduced (Figure 3).

FIGURE 3

Control

+ ADO

1 week 4 weeks 8 weeks

Histological assessment of the zidovudine-induced liver
damage

Parameter Control Control+ AZT AZT +ADO

ADO

Fatty change

1 week 0 0 + 0/+

2 weeks 0/+ 0 + +

4 weeks o+ 0 ++ +

8 weeks 0/+ 0 [+ 4+
Inflammation

1 week 0 0 0 0

2 weeks 0 0 + 0

4 weeks 0 0 +++ ++

8 weeks + + + +++

Score: 0 no; + light ++ moderate +++ severe

Figure 3. Histological survey of livers from rats treated with zidovudine (AZT) and adenosine (ADO).
Representative micrographs of the four experimental groups: A) control, B) ADO, C) AZT, and D)
AZT + ADO. For histological analysis, four biological samples were used per treatment, and five
sections or fields were examined using a 40X objective and photographically registered from each
histological sample employing the zig-zag methodology. The table at the bottom displays the average
of the histological findings, graded according to the scoring system described at the bottom of the
table.
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Another cellular histological parameter we assessed was the presence of inflammatory infiltrate
and erythrocyte extravasation. These features were observed with the AZT treatment, peaking at 4
weeks post-treatment, and subsequently subsided (Figure 3). Surprisingly, concurrent administration
of ADO with AZT delayed this inflammatory response, leading to its persistence beyond that
observed in the AZT-alone group (Figure 3).

To corroborate the observed fatty changes, we enzymatically quantified liver triglyceride (TG)
levels. At the end of the experiment, control animals exhibited 8.4 + 0.7 mg e g of liver compared to
17.8 £ 2.1 mg ® g-1 of liver in the AZT group (p < 0.01 compared to controls). In contrast, animals
receiving the combined treatment had liver TG levels of 11.2 + 1.1 mg e g of liver (p <0.01 compared
to the AZT group). Notably, events such as hepatocellular disorganization, ballooning, or fibrosis
were absent.

To confirm the presence of liver inflammation induced by AZT administration, we quantified
serum levels of specific cytokines. Treatment with ADO alone or in combination with AZT
significantly decreased the inflammatory cytokine IL-1(3, while AZT alone markedly increased its
serum levels after 8 weeks of treatment. Notably, this AZT-induced increase in IL-13 was completely
attenuated by the concurrent administration of ADO (Figure 4A). A similar pattern was observed for
IL-6, another pro-inflammatory cytokine. ADO alone significantly reduced IL-6 levels at 2 weeks
post-treatment, while AZT alone induced a significant increase in IL-6 after 4 weeks. Once again, co-
administration with ADO effectively mitigated the AZT-induced rise in IL-6 (Figure 4B).

FIGURE 4
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Figure 4. Effects of zidovudine (AZT) and adenosine (ADO) on serum concentration of cytokines
involved in the inflammatory process. Results represent the mean + SEM of four individual
observations per experimental group for interleukin-1p (IL-1f3, panel A), interleukin-6 (IL-6, panel B),
interleukin-4 (IL-4, panel C), and interleukin-10 (IL-10, panel D). Control values are represented by
the horizontal gray bar.Symbols and colors for the experimental groups are indicated at the top of
panel A. Statistical significance: *p < 0.01 against the control group, and **p < 0.01 vs. the group of
AZT alone.

The IL-4, a cytokine with various immune system effects associated with an anti-inflammatory
response, exhibited an intriguing pattern. Treatment with ADO or AZT alone elevated serum IL-4
levels at 1 to 2 weeks, while co-administration of the nucleosides also increased IL-4 compared to
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controls (Figure 4C). At 4 weeks, the AZT group reached the highest serum IL-4 levels, which were
partially reduced by the combined treatment. Interestingly, at the latest time point studied (8 weeks),
we observed an inverse relationship in serum IL-4 levels between the AZT-alone group and the group
co-administered with ADO (Figure 4C). The IL-10, a cytokine recognized for promoting a generalized
anti-inflammatory and regulatory response, exhibited a robust induction by ADO, while AZT alone
showed only a modest peak at 2 weeks of treatment (Figure 4D). Thereafter, neither group displayed
significant variations in IL-10 levels (Figure 4D).

3.5. Effects of AZT and ADO on Serum, Liver NAD/NADH Redox State (Cytoplasmic and Mitochondrial),
and levels of Ketone Bodies

our group has recently revealed a strong correlation between blood glucose variations, cellular
redox state, and the insulin/glucagon ratio [23]. In light of these observations, we quantified the
concentrations of pyruvate/lactate and acetoacetate/B-OH-butyrate redox pairs to estimate the
NAD/NADH redox state in both the cytoplasm and mitochondria, respectively, and explored their
potential reflection in serum levels in our experimental rat model.

In the serum, lactate levels were significantly reduced in the group of animals receiving the
combined treatment of AZT plus ADO at all experimental time points, in comparison to controls
and/or AZT alone (Figure 5, panels A). Conversely, AZT induced a significant increase in serum
lactate at 8 weeks of treatment, an effect completely mitigated by co-administration with ADO

(Figure 5, panels A).
FIGURE 5
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Figure 5. Effects of zidovudine (AZT) and adenosine (ADO) on the cytoplasmic liver NAD/NADH
redox state and their possible reflection in serum. Results are the mean + SEM of four individual
observations per experimental group for serum and liver lactate levels (panels A), serum and liver
pyruvate levels (panels B), and serum and liver NAD/NADHcyto ratio (panels C). Control values are
represented by the horizontal gray bar.Symbols and colors for the experimental group are indicated
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at the top of panel A. Statistical significance: *p < 0.01 against the control group, and **p <0.01 vs. the
group treated with AZT alone.

Regarding serum pyruvate levels, ADO alone or in combination led to a decrease, whereas AZT
alone resulted in a significant peak of serum pyruvate after 4 weeks, with a non-significant increase
at 8 weeks of treatment (Figure 5, panels B). Consequently, serum NAD/NADH ratios were markedly
increased by AZT administration. When ADO was co-administered with AZT, this ratio was also
elevated at 1 week of treatment but subsequently declined, returning to the control range (Figure 5,
panels C).

In contrast to serum observations, AZT alone reduced liver lactate levels, while co-
administration with ADO restored lactate levels, and ADO alone only diminished lactate during the
first 2 weeks in the liver (Figure 5, panels A). Liver pyruvate levels exhibited contrasting trends: ADO
alone or in combination led to an increase, while AZT alone reduced this monocarboxylic acid only
at the beginning of the treatment (Figure 5, panels B). Notably, chronic ADO administration induced
a more oxidized liver cytoplasmic redox state, whereas AZT had a similar effect at 2 weeks, and the
combination of nucleosides resulted in a higher NAD/NADH ratio at 4 weeks of treatment (Figure 5,
panels C).

Regarding the acetoacetate/B-OH-butyrate redox pair, AZT administration significantly
increased 3-OH-butyrate levels, an effect that was reversed or normalized by co-administration with
ADO (Figure 6, panels A). In terms of serum acetoacetate levels, AZT initially decreased them, a
change that was normalized by co-administration with ADO (Figure 6, panels B). As a consequence,
AZT alone consistently led to a lower NAD/NADH ratio at all experimental time points, an effect
corrected in the AZT + ADO group, which exhibited the highest NAD/NADH ratio at 1 week of
treatment (Figure 6, panels C).

FIGURE 6
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Figure 6. Effects of zidovudine (AZT) and adenosine (ADO) on mitochondrial liver NAD/NADH
redox state and its possible reflection in serum. Results are the mean + SEM of four individual
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observations per experimental group for serum and liver 3-OH butyrate levels (panels A), serum and
liver acetoacetate levels (panels B), and serum and liver NAD/NADHmito ratio (panels C). Control
values are represented by the horizontal gray bar.Symbols and colors for the experimental group are
indicated at the top of panel A. Statistical significance: *p < 0.01 against the control group, and **p <
0.01 vs. the group treated with AZT alone.

Regarding the mitochondrial NAD/NADH redox state in the liver, AZT administration
significantly decreased p-OH-butyrate levels, which were corrected by the combined treatment at 4
weeks, with no further significant changes observed thereafter (Figure 6, panels A). Conversely, liver
acetoacetate levels were significantly reduced by treatments with ADO alone, AZT alone, or even in
co-administration at earlier time points. However, simultaneous administration of AZT and ADO
induced a peak in acetoacetate levels at 4 weeks of treatment (Figure 6, panels B). In animals treated
with ADO or AZT alone, a reduced mitochondrial state was observed, particularly in those receiving
AZT, but this was normalized by co-administration with ADO at later time points.

ADO alone decreased the amount of ketone bodies in the serum (at 8 weeks) and in the liver (at
4 weeks) (Table 2). AZT treatment resulted in increased serum ketone body levels (ketosis) at 2 and
4 weeks, while the opposite trend was seen in the liver, suggesting an elevated release of these
metabolites (Table 2). Co-administration with ADO prevented AZT-induced ketosis and tended to
decrease liver ketone body levels, possibly due to an anti-lipogenic effect of ADO (Table 2).

Table 2. Serum and liver levels of total ketone bodies in rats treated with zidovudine (AZT) and

adenosine (ADO). .
Parameter (Time) Controls Controls ADO AZT AZT + ADO
Ketone bodies
Serum
1 week 0.49 +0.07 0.42 £ 0.08 0.36 +0.06 0.33+£0.08
2 weeks 0.34 +£0.05 0.56 +0.12 0.77 £ 0.16% 0.35 + 0.05**
4 weeks 0.31+£0.04 0.26 £ 0.05 0.49 + 0.05% 0.30 + 0.04**
8 weeks 0.35+0.05 0.16 + 0.02* 0.46 +0.04 0.33 £0.05
Liver
1 week 091+0.14 0.66 +0.08 0.68 +0.11 0.79 +0.17
2 weeks 1.03£0.15 0.45 = 0.06* 0.52 +0.10* 0.77 £0.11
4 weeks 1.24 +£0.20 0.69 = 0.08* 0.52 + 0.06* 0.30 + 0.04***
8 weeks 0.71+0.15 0.56 + 0.07 0.48 + 0.04 0.60 £ 0.09

The total ketone bodies are the mean + SE of 4 independent observations per experimental point as

the sum of B-OH-butyrate and acetoacetate and expressed as nmoles ¢ ml! of serum or as nmoles e g-

1 of liver. Statistical significance: *p< 0.01 against controls, **p< 0.01 vs. the AZT group. .
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4. Discussion

Since the introduction of HAART in the mid-1990s, the lifespan of individuals living with HIV
has substantially increased. However, the major causes of morbidity and mortality in these patients
have shifted towards liver, renal, and cardiovascular diseases [24]. In the context of liver health, AZT
has been associated with peroxide production and oxidative stress in hepatocytes [25], possibly
linked to AZT-induced glutathione depletion [26].

Oxidative stress can lead to elevated levels of liver enzymes, often considered specific markers
of liver toxicity. Treatment with AZT has been shown to significantly increase liver enzyme levels,
including alkaline phosphatase, ALT, and AST [27]. Early initiation of HAART is often associated
with marked elevations in AST, ALT, and BUN, with some resolution expected as treatment
progresses [28]. Nevertheless, there is evidence that a significantly increased number of HIV-infected
individuals treated with AZT have died due to hepatotoxicity resulting from lipid dysregulation,
steatosis, steatohepatitis, hepatomegaly, and abnormal liver function [29].

Furthermore, there have been reports of coexisting dyslipidemia and hyperglycemia in
individuals starting HAART that includes AZT, significantly increasing the risk factors for the
development of both diseases [30]. In contrast to what is observed in patients, the administration of
AZT in our experimental model led to significant hypoglycemia at 2 and 8 weeks after treatment, a
phenomenon corrected by the combined treatment of AZT plus ADO, which, in fact, induced a
transient hyperglycemia (Table 1). Additionally, AZT decreased serum TG levels without
significantly affecting cholesterol levels (Table 1). Therefore, we did not observe chronic
hyperglycemia or dyslipidemia resulting from AZT administration in our study.

Conversely, AZT treatment significantly altered marker enzymes of liver integrity (Figure 1).
The nucleoside increased ALT, AST, and LDH levels, primarily after 8 weeks of administration, while
decreasing y-GT activity. Co-administration with ADO normalized these parameters (Figure 1).
Furthermore, AZT increased the serum activity of arginase, while that of OCT was clearly diminished
(Figure 1). Both type-I arginase and OCT are used to assess hepatocellular damage, including acute
hepatitis, cirrhosis, or cancer [31,32].

In accordance with the serum enzymatic patterns induced by AZT, we observed liver fat
accumulation in rats treated with AZT alone, reaching its peak at 8 weeks, a condition considered as
liver steatosis (Figure 3). This phenomenon was partially prevented or delayed by simultaneous
administration with ADO (Figure 3).

Liver inflammation, as assessed by polymorphonuclear (PMN), macrophages, and erythrocyte
infiltration, was observed in AZT-treated animals primarily after 4 weeks of treatment, but appeared
to resolve thereafter. In this context, ADO administration clearly delayed the liver's inflammatory
histological pattern induced by AZT (Figure 3). To explain the AZT effects observed in this study, it
has been reported that AZT adversely affects the oxidation of free fatty acids within hepatic
mitochondria, which can be associated to NRTIs-induced insulin resistance and dyslipidemia,
leading to liver TG accumulation and subsequent hepatic steatosis [24].

In mice, AZT exposure reduces mtDNA copy number in the liver, which can also affect
pancreatic islet size. Administration of AZT reduced the mean insulin-positive cell area/islet when
compared with control mice. Therefore, reduced mtDNA copy number (caused by AZT treatment)
could impair insulin supply and sensing [33].

In our study, administration of ADO alone induced an enhancement of insulin after 2 weeks,
which normalized thereafter. While treatment with AZT alone did not promote significant changes,
combined treatment with ADO elicited a drastic increase in insulin compared to either the control or
AZT groups (Figure 2A). Additionally, treatment with ADO alone or simultaneously with AZT
elevated the serum concentration of glucagon (Figure 2B), maintaining the insulin/glucagon ratio in
animals receiving the combined treatment, compared to controls (Figure 2C). Our results indicate
that AZT did not induce insulin resistance in our rats at any time during the treatment, and
hyperinsulinemia was only present in animals receiving AZT + ADO (Figure 2). Although it is
challenging to explain how ADO combined with AZT can elevate serum glucose levels in overnight
fasted rats, it is possible that the ADO-induced increase in serum glucagon may partially explain this
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effect, by affecting the liver gluconeogenesis. During fasting, increased glucagon levels play a key
role in stimulating fatty acid oxidation and activating PPAR-a through its effects on PKA, suggesting
a potential crosstalk between these signaling pathways [34].

AZT treatment in female C57BL/6] mice significantly increased hepatic TG levels, inflammation,
and oxidative stress. Nitration, glycation, and lipid peroxidation were also significantly higher in the
AZT-treated mice compared to vehicle controls [35]. During inflammation, cytokines released by
immune cells, including TNF-a and IL-1§, directly affect the endothelium, increasing the expression
of cell adhesion molecules ICAM-1 and VCAM-1) and E-selectin [36].

Administration of ADO, either alone or with AZT, induced a significant decrease in the
inflammatory cytokines IL-13 and IL-6, which were elevated by AZT alone (4 to 8 weeks post-
treatment). As for the anti-inflammatory cytokines, treatment with ADO or AZT alone led to an
increase in the serum concentration of IL-4 at 1 to 2 weeks after administration (Figure 4). Indeed, it
has been reported that the IFC-305 compound (an aspartic-salt derivative of ADO) showed an
antioxidant and anti-inflammatory activities, probably by IL-10 and arginase activity, highlighting
that the IFC-305 prevents or even reverses an experimental model of carbon tetrachloride-induced
cirrhosis in rats [37].

Previous studies have demonstrated that adverse effects of nucleoside analogs used in HAART
are directly linked to mitochondrial injury [38]. Mitochondrial damage manifests as abnormal
morphology, depletion of mitochondrial-encoded enzymes, and reduced numbers of mitochondrial
genes [39]. From here, mitochondrial disruption results in energy loss, electron leakage from the
electron transport system, increased levels of reactive oxygen species (ROS), oxidative damage, and
significant imbalances in cellular redox states (i.e., an increased NADH/NAD ratio), which shift the
pyruvate/lactate balance in favor of increased lactate production [40]. Liver and skeletal muscle
tissues are recognized as important targets for mitochondrial injury induced by nucleoside analogs
[10,41]. Additionally, AZT renders mitochondrial membranes more susceptible to damage by free
fatty acids, induces morphological changes, and activates nuclear factor kBp65 in cardiac tissue in
mice [9]. AZT also promotes ROS-mediated oxidative damage, triggering ADP-ribosylation reactions
and accelerated NAD+ catabolism, all contributing to the development of liver toxicity in animal
models [27]. Hence, we explored the potential role of changes in cellular redox states and their
deleterious effects on the liver in animals treated with AZT (Figs. 5 and 6, Table 2).

Under our experimental conditions, AZT induced lactic acidosis, but this lactate does not appear
to be produced by the liver, as observed in Figure 5. Additionally, the levels of pyruvate showed
fewer changes induced by either AZT or ADO. Therefore, the serum NAD/NADH ratio was more
oxidized in animals receiving AZT alone, and the liver cytoplasmic NAD/NADH ratio was only
transiently oxidized by AZT alone. Co-administration with ADO normalized the serum NAD/NADH
ratio and induced a more oxidized liver cytoplasmic NAD/NADH ratio of animals administered with
AZT (Figure 5).

The serum amount of 3-OH-butyrate was augmented by AZT treatment and inversely correlated
with the liver level of 3-OH-butyrate, while the serum acetoacetate showed minimal changes. Thus,
AZT clearly induced a more reduced serum NAD/NADH ratio of the ketone bodies redox-pair,
which reflects that of liver mitochondria (Figure 6). The alterations in the fluctuations of cytoplasmic
and mitochondrial redox states, with the former being more oxidized and the latter showing a
reduced condition, especially after 2 and 4 weeks of treatment, could be related to progressive
mitochondrial dysfunction induced by AZT, similar to well-known hepatotoxins [21].

5. Conclusions

Our long-lasting oral administration of AZT to rats for 1 up to 8 weeks did not result in
hyperglycemia or dyslipidemia attributable to the nucleoside treatment. We did not observe
alterations in parameters indicative of liver function. However, we did record elevations in marker
enzymes in liver tissue, despite the absence of necrotic images in liver histological samples. Fatty
infiltration indicated the onset of liver steatosis and inflammation. These findings were associated
with hypoglycemia, low serum insulin and glucagon levels, and elevated serum levels of pro-
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inflammatory cytokines in animals treated with AZT. Co-administration of adenosine largely
attenuated the deleterious effects induced by AZT, including the production of inflammatory
molecules. Furthermore, it increased serum levels of insulin and glucagon, and restored the altered
cellular redox state in the liver caused by AZT. Thus, blood insulin levels were significantly
influenced by the cellular redox state, which was altered by chronic AZT administration, likely linked
to mitochondrial integrity and metabolism.
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