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Abstract

Zidovudine (AZT) has significantly reduced mortality and morbidity
among AIDS patients, but has also been linked to adverse events,
including hepatotoxicity, which leads to liver steatosis. In contrast,
adenosine (ADO) has shown effectiveness as a hepatoprotective agent
against both acute and chronic liver damage. This study aimed to examine
the adverse effects of chronic low-dose AZT administration and potential
mitigation of these effects through co-administration with ADO in rats.
We evaluated tissue inflammation and the liver redox state during the
development of AZT-induced fatty liver. Wistar rats treated with AZT and
adenosine were assessed for various parameters, including serum enzyme
markers, histological changes, and serum levels of insulin, glucagon,
pro-inflammatory cytokines, and redox state markers. Chronic oral AZT
administration resulted in elevated serum liver enzyme activity and slight
liver steatosis characterized by micro-vesicular fat distribution. These
effects were accompanied by reduced insulin and glucagon levels, increased
serum pro-inflammatory cytokine levels, and disruptions of cellular redox
states. The co-administration of ADO reduced the harmful effects of AZT,
reduced the production of most inflammatory molecules, increased serum

insulin and glucagon levels, and restored the liver cellular redox state.
In conclusion, our findings indicate a connection between blood insulin
and glucagon levels and cellular redox state, altered by chronic low-dose
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AZT administration, which is likely linked to mitochondrial integrity
and metabolism. Notably, these effects were partially alleviated by co-
administration of ADO.
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Inroduction

Highly active antiretroviral therapy (HAART) has greatly reduced
mortality and morbidity in patients with AIDS [1]. Zidovudine (3'-Azido-3'-
deoxythymidine or AZT), a nucleoside-analog reverse transcriptase inhibitor
(NRTI), remains a key treatment for many HAART recipients in developing
countries [2]. However, it is important to note that all HIV drugs used in State and Pro-Inflammatory Cytokine Production.
HAART are linked to varying degrees of adverse events [3], often affecting Fortune Journal of Health Sciences. 7 (2024):
organ systems, such as the liver, kidneys, and heart [4]. The antiretroviral 753-766
activity of AZT relies on the formation of AZT 5'-triphosphate [5], which
leads to DNA damage, activation of DNA repair mechanisms, and cell
cycle arrest [6]. The entry of AZT into the mitochondria has been linked to
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negative effects on mitochondrial function, especially when
it integrates into mitochondrial DNA (mtDNA) [7]. This
interference disrupts mitochondrial bioenergetics and raises
H,O, production, thereby affecting respiratory complex-I
function [8]. Increased H,O, levels result in higher production
of reactive oxygen species (ROS) and peroxynitrite, leading
to single-strand DNA breaks, lipid peroxidation, protein
oxidation/nitration, and mtDNA damage [9].

Prolonged exposure to antiretroviral drugs is associated
with various long-term side effects such as micro-vesicular
steatosis, steatohepatitis, and organ failure [10]. Long-term
HAART use has also been linked to lactic acidosis, which
is considered a sign of mitochondrial respiratory chain
dysfunction [11]. Importantly, mitochondrial changes caused
by AZT contribute to the connection between HIV, long-
term HAART use, and conditions such as dyslipidemia and
diabetes mellitus (DM) [12], which are both components of
metabolic syndrome. Experimentally, the effects of AZT are
concentration-dependent (ranging from 25 to 100 mg * kg
") and depend on the exposure duration (ranging from 1 to
12 weeks of treatment). Zidovudine administration can cause
lipodystrophy and disrupt lipid and glucose metabolism,
leading to the release of pro-inflammatory chemokines and
mediators that increase the risk of DM and liver steatosis
[13]. Recent research has shown that a clinical dose of AZT
(considered very low for rats) reduces liver DNA synthesis
and mitosis in rats undergoing 70% partial hepatectomy (PH)
because AZT interferes with liver regeneration by altering
PH-triggered oxidative events involved in the proliferation
process [14].

Previous research in our laboratory has shown that i.p.
adenosine (ADOQO) administration (100 to 200 mg e kg
") acts as a hepatoprotective agent following acute ethanol
intoxication [15], effectively preventing fat accumulation
in the rat liver. Additionally, ADO significantly delayed the
onset of fatty liver disease, hepatic necrosis, early oxidative
stress, and lipid peroxidation caused by carbon tetrachloride
administration. Notably, adenosine administration markedly
reversed experimental cirrhosis and restored the liver function.
These effects are associated with increased collagenolytic
activity, reduced oxidative stress related to cirrhosis, and
recovery of the proliferative capacity [16]. To explore further,
we conducted prolonged oral administration of AZT at a dose
slightly higher than typical for humans, but much lower than
the safe dosing for rats (15 mg e kg'), for a treatment period
of 1 to 8 weeks. In this study, we evaluated liver histology,
inflammation markers, hepatic cell redox status, and changes
in serum levels of pancreatic hormones. We also investigated
the potential of co-administration of ADO to counteract the
possible adverse effects of AZT.

Materials and Methods
Reagents and diagnostic Kits

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

Animal treatments

Male Wistar rats (n = 64) with an initial weight of
190 - 210 g (2 months old), were individually housed and
divided into four experimental groups of four animals each.
They had free access to laboratory chow and water in a
controlled environment with a 12:12-hour light/dark cycle.
Water consumption was carefully monitored to determine
the appropriate volume for dissolving AZT and ADO in the
drinking water. The study groups were as follows: A) control
group (n=16) receiving only water, B) control group receiving
ADO (n=16) at a dose of 30 mg * kg-1/day, C) AZT group (n
= 16) receiving 15 mg « kg-1/day of AZT, and D) combined
treatment group (n = 16) receiving 15 mg < kg-1/day of
AZT and 30 mg * kg-1/day of ADO (n = 4 per experimental
group and time). The treatment period lasted from one to
eight weeks, with continuous intake of nucleosides. After
this period, the rats were fasted overnight, anesthetized with
isoflurane, and euthanized by decapitation, always conducted
between 9:00 and 10:00 a.m. to minimize circadian variations
in the intermediary metabolism. Whole blood was collected
from the neck after decapitation, and serum was obtained
by centrifugation. The liver and spleen were weighed, and
organ-to-body weight ratios were calculated. Liver samples
were collected for histological analysis, and the remaining
liver tissue was stored at -20 °C. All experimental protocols
were approved by the Biomedical-Ethics protocol of National
Autonomous University of Mexico (UNAM), following the
Federal Regulations for Animal Care and Experimentation
(Ministry of  Agriculture, SAGARPA, NOM-062-
Z00-1999). All methods are reported in accordance with the
ARRIVE guidelines.

Determination of “clinical” serum parameters and
“marker” enzyme activities

We quantified serum levels of glucose, triglycerides
(TG), cholesterol, albumin, total bilirubin, direct bilirubin,
urea, and creatinine using diagnostic kits. Additionally, we
measured the activities of y-glutamyl transferase (y-GT),
amylase, and lipase using diagnostic kits. For other enzyme
activities, including lactate dehydrogenase (LDH), alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
and ornithine carbamoyl transferase (OCT), we applied
previously established methods [17]. Serum arginase activity
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was quantified following the procedure described by Colombo
and Konarska [18].

Measurement of Insulin, Glucagon, and Interleukin
levels

Serum insulin and glucagon levels were quantified
using ELISA kits from RayBiotech (USA), whereas serum
concentrations of Interleukin-1p (IL-1f), Interleukin-4 (IL-
4), Interleukin-6 (IL-6), Interleukin-10 (IL-10), and tumor
necrosis factor-alpha (TNF-a) were measured using ELISA
kits from Sigma-Aldrich Chemical Co. (Mexico).

Histological Assessment

Liver tissue samples were preserved in 20% formaldehyde
solution (pH 7.0 with PBS), embedded in paraffin, and
sectioned into 5 pm slices. These sections were stained
with hematoxylin and eosin (H&E), following standard
protocols. For histological analysis, at least four biological
replicates were used for each treatment, and five sections
were systematically captured from each sample using a zig-
zag approach [19].

Estimation of NAD/NADH redox potential
via pyruvate/lactate and acetoacetate/[-
hydroxybutyrate (B-OH Butyrate) redox pairs

Buffered acid extracts from serum and liver samples were
neutralized with 4 M K,CO,, and metabolites, including
lactate, pyruvate, acetoacetate, and B-OH butyrate, were
enzymatically determined as previously described [20].

Calculations and Statistics

Cytoplasmic and mitochondrial NAD/NADH ratios
were calculated using the formula: NAD/NADH = [oxidized
substrate] / [reduced substrate] ¢ 1/Keq, considering the
equilibrium constants for lactate and P-hydroxybutyrate
dehydrogenases [20,21]. Linear correlation analyses were
conducted using the Pearson’s equation. Results are presented
as the mean + SE, and statistical significance was evaluated
using one-way analysis of variance (ANOVA). Comparisons
between two groups were analyzed with Student’s t-test using
GraphPad Prism 9.5.1 software. Statistical significance was
set at p <0.05.

Results

Morphometric analysis and “clinical” parameters
measured in sera from rats treated with AZT and ADO
Neither zidovudine (AZT) nor ADO treatments significantly
affected body weight gain, liver weight, or the behavior
of the rats during the experimental procedure (data not
shown). Administration of ADO alone significantly reduced
serum glucose levels at 4 and 8 weeks compared with the
controls (Table 1). AZT administration caused significant
hypoglycemia at 2 and 8 weeks of treatment, which was

corrected by the combined AZT and ADO treatment. When
administered separately, ADO and AZT decreased serum TG
levels compared with the controls, starting at week 2 (Table
1). Co-administration of AZT and ADO did not alter the
effects induced by AZT or ADO alone. In contrast, serum
cholesterol levels were significantly reduced only with
concurrent administration of nucleosides at 2 and 8 weeks
compared to controls (Table 1). Serum albumin and bilirubin
levels were assessed as indicators of liver function in rats
treated with AZT and ADO, respectively. For albumin, no
changes were detected in most cases, except for AZT+ADO at
four weeks, where a significant decrease was observed (Table
1). For total and direct bilirubin, a significant increase in total
bilirubin was noted after two weeks of AZT administration,
which promptly returned to control values (Table 1). Changes
in total bilirubin appeared to be mainly linked to its indirect
form, as serum direct bilirubin levels were only elevated at
the beginning of the experiment with combined treatment
(Table 1). When evaluating nitrogen metabolites (urea and
creatinine) as indicators of kidney function, no significant
changes were observed in animals treated with AZT and/or
ADO (data not shown). Therefore, these results suggest that
liver and kidney functions were not significantly affected by
the experimental treatments.

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

When evaluating enzyme activities as markers of liver
integrity, including transaminases, LDH, and y-GT, we
found that AZT administration significantly increased serum
ALT and AST activities after 8 weeks, and this effect was
completely mitigated by concurrent ADO treatment (Figures
1A and B). An early increase in LDH activity was observed
following AZT administration and persisted throughout the
experiment; co-administration of ADO normalized LDH
serum activity (Figure 1C). In contrast, AZT administration
reduced y-GT activity compared with that in control group,
and this effect was unchanged by ADO administration (Figure
1D). Notably, the combined administration of AZT and ADO
resulted in the lowest serum activities for all these enzymes
(Figures 1A to D). Serum OTC activity increased after 4
weeks of AZT treatment, but the combined treatment led to
progressive and greater enhancement of this enzyme activity
(Figure 1E). Conversely, ADO alone or in combination
with AZT induced a significant reduction in serum arginase
activity, whereas the AZT-alone group showed a pattern of
arginase activity similar to that of LDH (Figure 1F). We also
evaluated serum enzyme activities as markers of pancreatic
integrity, specifically amylase (Figure 1G) and lipase
activities. Only lipase activity showed a significant increase
at 8 weeks following AZT treatment, which was effectively
mitigated by the co-administration of ADO (Figure 1H).

Citation: Martha Lucinda Contreras-Zentella, Armando Butanda-Ochoa, Lourdes Sanchez-Sevilla, Rodolfo Paredes-Diaz, and Rolando
Hernandez-Mufioz. Adenosine Mitigates Low-Dose Zidovudine-Induced Rat Liver Damage by Modulating Redox State and
Pro-Inflammatory Cytokine Production. Fortune Journal of Health Sciences. 7 (2024): 753-766.



Volume 7 ¢ Issue 4 756

Contreras-Zentella ML, et al., Fortune J Health Sci 2024

Journals DOI:10.26502/fjhs.246

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

Parameter Time Controls
1 week 88+5
2 weeks 100+ 6
Glucose
4 weeks 107 £ 8
8 weeks 118 £ 10
1 week 57+5
2 weeks 66 £ 6
TG
4 weeks 50+4
8 weeks 617
1 week 58+6
2 weeks 63 +12
Cholesterol
4 weeks 60 £ 11
8 weeks 54+5
1 week 3.1+0.1
2 weeks 3.1+£02
Albumin
4 weeks 3.7+0.3
8 weeks 2.8+0.3
1 week 0.37 £ 0.11
2 weeks 0.19+0.03
Bilirubin (T)
4 weeks 0.44 £0.08
8 weeks 0.29+£0.04
1 week 0.05+£0.01
2 weeks 0.09 £0.02
Bilirubin (D)
4 weeks 0.10 £ 0.02
8 weeks 0.08 £ 0.02

Control ADO AZT AZT + ADO
847 80+ 12 123+ 10
907 67 + 6* 124 £ 12
82 + 6~ 101 +4 128 + 11#
90 + 5* 67 + 3* 123 £ 10#
50+8 50+6 51+5
38 + 6" 407" 40 £ 4*
313" 34+ 3" 45+7
35+ 4" 35+6% 33+£5”
58+ 9 47+6 53+5
47+3 54 +4 42 + 4
48+3 48+3 477
49+4 41+6 35+5*

27+0.2 27+01* 27+0.2
2703 26+01 27+0.2
29+04 29+0.2 26+0.1*
28+0.3 2703 3.3+03
0.38 £ 0.06 0.22 £0.04 0.22 £0.04
0.14 £0.02 0.66 £ 0.18* 0.22 +£ 0.04
0.20 £ 0.03* 0.23 £0.04 0.31£0.05
0.29 £ 0.05 0.14 £ 0.03* 0.44 £0.07
0.06 £ 0.01 0.04 £ 0.01 0.14 £ 0.03&
0.02 + 0.005* 0.07 £0.01 0.07 £ 0.02
0.08 £0.03 0.05 £ 0.02 0.04 £0.01*
0.05 £ 0.01 0.04 £ 0.01 0.03 +0.01

The “clinical Parameters” are the mean + SE of 4 Independent observations per experimental group and time point. All the metabolites are
expressed as mg dL' except the albumin which is in g . dL'. Statistical significance: *p< 0.01 against controls, #p<0.01 vs. the AZT group, and

&p<0.01 compared to controls and AZT alone groups

Effects of AZT and ADO on Serum Insulin and
Glucagon Levels

We aimed to determine whether fluctuations in insulin and/
or glucagon levels contribute to the metabolic effects induced
by nucleosides in fasted animals. Oral administration of
ADO alone initially increased insulin levels after two weeks,
which then returned to normal levels. While AZT treatment
alone did not lead to significant changes, combined treatment
with ADO caused a substantial and sustained increase in
insulin levels compared to both the control and AZT groups,
which disappeared after 8 weeks of treatment (Figure 2A).
Similarly, treatment with ADO alone or in combination with
AZT increased serum glucagon concentrations (Figure 2B),
maintaining the insulin/glucagon ratio in animals receiving
the combined treatment. However, AZT administration
increased this ratio at the latest experimental time point
(Figure 2C).

Histological evaluation of liver structure, serum
levels of inflammatory cytokines, and liver TNF-a
levels

Liver tissue slices were subjected to histological
examination to assess the presence of various features: 1) fatty
change, 2) cell ballooning, 3) inflammatory infiltrates (PMN
and macrophage cells), 4) hepatocellular disorganization,
and 5) interstitial fibrosis. Figure 3 shows micrographs of
liver tissue specimens observed with a 40X objective. No
histological changes were observed in the control group. In
contrast, animals treated with AZT alone showed a gradual
increase in micro-vesicles (likely fat droplets), becoming more
evident from 2 to 4 weeks and peaking at 8§ weeks (indicated
by yellow arrows; Figure 3A). Co-administration with ADO
also led to progressive but less pronounced accumulation of
these micro-vesicles, which was significantly reduced by the
end of the experiment (Figure 3A). Although we did not find
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Figure 1: The impact of AZT and ADO on serum enzyme
markers indicatives of liver and pancreas integrity. The data
presented show the mean + SEM for four individual samples
in each experimental group, detailing serum levels 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 measured in IU/L. The pancreatic
enzymes amylase (panel G) and lipase (panel H) are also reported
in IU/L. Control values are indicated by horizontal gray bars.
Symbols and colors representing the different experimental groups
are explained at the top of panel A. Statistical significance is denoted
as follows: *p <0.01 compared to the control group (horizontal gray
bars); #p < 0.01 compared to the AZT-alone group; and &p < 0.01
compared to both the control and AZT-alone groups.

histological evidence of liver steatosis (Fig. 3) accompanying
the release of liver enzymes (Fig. 1) as harmful effects of
AZT, changes in the enzymatically quantified liver TG
levels were observed. Figure 3B shows that liver TG levels
in controls (8.4 = 0.7 mg * g-1) significantly increased after
4 - 8 weeks of AZT administration, peaking at 8§ weeks and
doubling compared to controls. In contrast, animals receiving
the combination treatment had significantly lower liver TG
levels than those in the AZT-alone group (Figure 3B).

Despite the lack of clear histological evidence of liver
inflammation due to AZT administration, changes in the serum
levels of specific cytokines were noted. Treatment with ADO
alone or in combination with AZT significantly reduced the
levels of the inflammatory cytokine IL-1B, while AZT alone
markedly increased its serum levels after 8 weeks, which
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was completely mitigated by concurrent ADO administration
(Figure 4A). A similar trend was observed for IL-6, a pro-
inflammatory cytokine. ADO alone significantly reduced
IL-6 levels 2 weeks post-treatment, whereas AZT alone led to
a significant increase after 4 weeks. Co-administration with
ADO effectively reduced the AZT-induced increase in IL-6
levels (Figure 4B). The cytokine IL-4, which is associated
with anti-inflammatory responses, showed an intriguing
pattern. Treatment with ADO or AZT alone increased serum
IL-4 levels at 1 - 2 weeks, like the co-administration of the
nucleosides (Figure 4C). Interestingly, at the 8-week mark,
an inverse relationship in serum IL-4 levels was observed
between the AZT-alone and co-administered groups (Figure
4C). IL-10, known for its anti-inflammatory and regulatory

A) Insulin

6.0 BControl @ +ADO —
B AzT [ AZT + ADO

pmoles o L

1week 2weeks 4 weeks 8 weeks

B) Glucagon

pmoles o L

1week 2weeks 4weeks 8 weeks

C) Insulin / glucagon

Ratio

4 weeks 8 weeks

1week 2 weeks

Time of treatment

Figure 2: Effects of AZT and ADO on serum activities of marker
enzymes for liver and pancreas integrity. The data presented
illustrate the mean = SEM from four individual observations for
each experimental group for insulin (panel A) and glucagon (panel
B), with values expressed in picomoles per milliliter (pmoles ¢
ml-1). Panel C shows the insulin to glucagon ratio. Control group
values are represented by horizontal gray bars. Experimental groups
are identified by specific symbols and colors, as indicated at the
top of panel A. Statistical significance is marked as follows: *p <
0.01 compared to the control group (horizontal gray bars); #p <
0.01 relative to the group treated with AZT alone; and &p < 0.01
compared to both the control group and the AZT-alone group.
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Figure 3: Histological survey of livers from rats treated with AZT and ADO. The micrographs provided represent the four experimental
groups: A) control, B) ADO, C) AZT, and D) AZT + ADO. For histological analysis, each treatment included four biological samples, with
five sections or fields from each sample examined under a 40X objective. These sections were photographed using a zig-zag approach for
thorough coverage. The accompanying table (below) shows the liver triglyceride amounts determined chemically. Yellow arrowheads indicate
lipid droplets within hepatic parenchyma.
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Figure 4: Effects of AZT and ADO on serum concentration of cytokines and of liver TNF-a involved in the inflammatory process. The
results show the mean + SEM from four individual observations for each experimental group, focusing on interleukin-1p (IL-1B, panel A),
interleukin-6 (IL-6, panel B), interleukin-4 (IL-4, panel C), and interleukin-10 (IL-10, panel D). Additionally, liver levels of tumor necrosis
factor (TNF-a, panel E) were determined. Control values are represented by horizontal gray bars. The symbols and colors identifying the
experimental groups are detailed at the top of panel A. Statistical significance is indicated as described in Figure 1.
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effects, was robustly induced by ADO, whereas AZT alone
showed only a modest peak at 2 weeks (Figure 4D). The
effects of nucleosides on liver TNF-a levels are shown in
Figure 4E. ADO alone induced an increase in TNF-q starting
at 2 weeks, which then declined but remained significant at
the end of the experiment (Figure 4E). Similar to IL-6, AZT
induced a strong peak in liver TNF-a at 4 weeks, which was
significantly reduced by combined treatment with ADO. After
8 weeks of nucleoside treatment, only a slight but significant
peak in liver TNF-a was observed with ADO alone (Figure
4E).

Effects of AZT and ADO on Serum, Liver NAD/
NADH Redox State (Cytoplasmic and Mitochondrial)

Our group recently uncovered a strong correlation between
blood glucose variations, cellular redox state, and insulin/
glucagon ratio [17-22]. Considering 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
and explored their potential reflection in serum levels in our
experimental rat model. In the serum, lactate levels were
significantly reduced in the group receiving the combined
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treatment of AZT and ADO at all experimental time points,
compared to controls and/or AZT alone (Figure 5A).
Conversely, AZT induced a significant increase in serum
lactate levels at 8 weeks, which was an effect completely
mitigated by co-administration with ADO (Figure 5A).
ADO alone or in combination caused a decrease in serum
pyruvate levels, whereas AZT alone led to a significant
increase only after 4 weeks (Figure 5B). As a result, serum
NAD/NADH ratios were markedly increased following
AZT administration. When ADO was co-administered with
AZT, this ratio also increased after 1 week of treatment but
later declined, returning to the control range (Figure 5C). In
contrast, AZT alone reduced liver lactate levels, whereas co-
administration with ADO restored them, and ADO alone only
lowered liver lactate levels during the first 2 weeks (Figure
5A). Liver pyruvate levels were increased by ADO alone
or in combination with AZT, whereas AZT alone reduced
liver pyruvate levels at the start of treatment (Figure 5B).
ADO administration notably induced a more oxidized liver
cytoplasmic redox state, with AZT showing a similar effect at
two weeks, and the combined treatment resulted in a higher
NAD/NADH ratio at four weeks (Figure 5C).

LIVER
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Figure 5: Effects of AZT and ADO on the cytoplasmic liver NAD/NADH redox state and their possible reflection in serum. The results
present the mean £ SEM derived from four individual observations for each experimental group, examining serum and liver lactate levels
(panel A), serum and liver pyruvate levels (panel B), and the serum and liver NAD/NADHcyto ratio (panel C). Control values are represented
by horizontal gray bars. The symbols and colors identifying the experimental groups are specified at the top of panel A. Statistical significance

is detailed as described in Figure 1.
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For the acetoacetate/B-OH-butyrate redox pair, AZT
administration significantly increased f-OH-butyrate levels,
an effect that was normalized by co-administration with
ADO (Figure 6A). AZT initially decreased acetoacetate
levels, which were normalized following co-administration
with ADO (Figure 6B). Consequently, AZT alone led to a
lower NAD/NADH ratio at all-time points, an effect that was
corrected in the AZT + ADO group, which had the highest
NAD/NADH ratio at 1 week (Figure 6C). For the liver
mitochondrial NAD/NADH redox state, AZT administration
decreased serum B-OH-butyrate levels, which were corrected
by combined treatment at 4 weeks, with no further changes
thereafter (Figure 6A). Liver acetoacetate levels were
significantly reduced by treatment with ADO alone, AZT
alone, or their combination at early time points. However,
the simultaneous administration of AZT and ADO induced a
peak in acetoacetate levels at 4 weeks (Figure 6B). In animals
treated with ADO or AZT alone, a reduced mitochondrial state
was observed, especially in those receiving AZT; however,
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
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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).

Correlations between serum levels of insulin,
glucagon, cytokines, and NAD/NADH redox state

We examined the possible relationships between serum
levels of pancreatic hormones, cytokines, and the NAD/
NADH redox state. Insulin levels were inversely correlated
with fluctuations in IL-1B (r = -0.469; Figure 7A), and no
significant correlation was found with IL-6. Insulin levels did
not affect IL-4 (Figure 7B) or IL-10 (Figure 7B) levels. When
correlating glucagon levels, we observed a similar pattern to
that of insulin but with higher correlation coefficients (Figures
7C and D). Glucagon levels were inversely correlated with
IL-1B (r = -0.517, Figure 7C), had no effect on IL-6 levels,
and showed a moderate inverse correlation with IL-4
(r = -0.357, Figure 7D), while demonstrating a direct
correlation with changes in IL-10 levels (r=0.585, Figure 7D).
The cytoplasmic redox state did not correlate with changes
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is described as in Figure 1.
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in IL-1P but had a strong direct relationship with IL-6 (r =
0.816, Figure 7E) and a robust direct correlation with IL-4 (r
=0.713, Figure 7F). No significant relationship was observed
between IL-10 levels (Figure 7F). For the mitochondrial
redox state, we found a different pattern when correlated
with cytokines: it had a significant inverse correlation with
fluctuations in IL-1B (r = -0.525, Figure 7G) and no effect
on IL-6. Additionally, a moderate inverse correlation was
observed with IL-4 (r = -0.412, Figure 7H), and a moderate

direct correlation with changes in IL-10 levels (r = 0.428,
Figure 7H). Regarding correlations between pancreatic
hormones and serum redox state, potentially reflecting liver
redox state, insulin did not correlate with the cytoplasmic
redox state but showed a significant direct relationship with
the mitochondrial redox state (r = 0.464, Figure 7J). Glucagon
was inversely correlated with the cytoplasmic redox state (r
=-0.437, Figure 7K) and showed a strong direct correlation
with the mitochondrial redox state (r = 0.903, Figure 7L).

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

Parameter Time Controls Control ADO AZT AZT + ADO

1 week 0.49 + 0.07 0.42 +0.08 0.36 + 0.06 0.33+0.08

Ketone Bodies (Serum) 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

1 week 0.91+0.14 0.66 + 0.08 0.68 £ 0.11 0.79+0.17

Ketone Bodies (Liver) 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 group and time point as the sum of B-OH-butyrate
and acetoacetate and expressed as nmoles . ml' of serum or as nmoles . g of liver. Statistical Significance: *p<0.01 against controls,**p<0.01
vs. the AZT group.
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Figure 7: Correlations among serum levels of insulin, glucagon, cytokines, and NAD/NADH redox state. Scatter plots show the relationship
between two sets of data. This relationship is summarized in the Pearson’s correlation coefficient (r) for each comparison in each scatter plot:
panel A, insulin vs. IL-1f (r =-0.469, p < 0.05; circles and solid line), and insulin vs. IL-6 (r =-0.157, not significant (n.s.); triangles and dotted
line). Panel B, insulin vs. IL-4 (r = -0.083, n.s.; circles and solid line), and insulin vs. IL-10 (r = 0.098, n.s.; triangles and dotted line). Panel
C, glucagon vs. IL-1p (r=-0.517, p < 0.01; circles and solid line), and glucagon vs. IL-6 (r =-0.119, n.s.; triangles and dotted line). Panel D,
glucagon vs. IL-4 (r =-0.357, p < 0.05; circles and solid line), and glucagon vs. IL-10 (r = 0.585, p < 0.01; triangles and dotted line). Panel E,
cytoplasmic redox state vs. IL-1f (r =-0.161, n.s.; circles and solid line), and vs. IL-6 (r = 0.816, p < 0.005; triangles and dotted line). Panel
F, cytoplasmic redox state vs. IL-4 (r = 0.713, p < 0.005; circles and solid line), and vs. IL-10 (r =-0.291; triangles and dotted line). Panel G,
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p < 0.05; circles), and glucagon vs. mitochondrial redox state (r = 0.903, p < 0.001; circles, panel L).
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Discussion

Since the introduction of HAART in the mid-1990s,
the lifespan of individuals living with HIV has increased
significantly. However, the main causes of morbidity and
mortality in these patients have shifted towards liver, renal,
and cardiovascular diseases [23]. Regarding liver health,
AZT has been associated with peroxide production and
oxidative stress in hepatocytes [24] and is potentially linked
to AZT-induced glutathione depletion [25]. In this study, we
conducted prolonged oral administration of AZT at a slightly
elevated dose in humans (15 mg e kg-1) but significantly
lower than the considered safe dose in rats, according to
dose conversion between animals and humans [26]. This
conversion is an empirical method aimed at achieving a
maximum recommended starting dose (MRSD) for clinical
studies based on body surface area, which is assumed to be
related to the metabolic rate of an animal. Therefore, we
administered AZT to rats at one-fourth of the no observed
adverse effect level (NOAEL) for AZT in rats. Similarly, we
selected one-fourth of the NOAEL for ADO, previously used
by our group, to treat these animals as MRSD.

Oxidative stress can lead to elevated levels of liver
enzymes, which are often considered specific markers of
liver toxicity. AZT treatment has been shown to significantly
increase liver enzyme levels, including alkaline phosphatase,
ALT, and AST [27]. Early initiation of HAART is frequently
associated with marked elevations in AST, ALT, and BUN,
with some resolution expected as the treatment progresses
[28]. Nonetheless, evidence indicates that a significant
number of HIV-infected individuals treated with AZT died
because of hepatotoxicity [29]. Reports have also indicated
that coexisting dyslipidemia and hyperglycemia in individuals
starting HAART, including AZT, significantly increase the
risk factors for both diseases [30]. In our experimental model,
AZT administration led to significant hypoglycemia at 2 and 8
weeks, a phenomenon corrected by combined treatment with
AZT and ADO (Table 1). Additionally, AZT reduced serum
TG levels without significantly affecting cholesterol levels
(Table 1). Thus, we did not observe chronic hyperglycemia
or dyslipidemia resulting from AZT administration in this
study, likely due to the very low AZT dose used. Conversely,
AZT treatment significantly altered the levels of marker
enzymes of liver integrity (Figure 1). Nucleoside increased
ALT, AST, and LDH levels, primarily after 8 weeks of
administration; however, co-administration with ADO
normalized these parameters (Figure 1). Furthermore, AZT
increased serum arginase activity, whereas OCT activity was
reduced (Figure 1). Both type-I arginase and OCT are used
to assess hepatocellular damage, including acute hepatitis,
cirrhosis, or cancer [31,32]. Drug-induced liver injury (DILI)
is characterized by a temporal relationship between drug
administration and increased serum levels of liver enzymes

and/or alkaline phosphatase [33]. This study demonstrated
the occurrence of such metabolic disturbances.

In line with the serum enzymatic patterns induced by
AZT, we observed slight liver fat accumulation (measured
as TG accumulation) in rats treated with AZT alone, peaking
at 8 weeks and possibly resembling liver steatosis (Figure
3). This effect was partially prevented or delayed by the
simultaneous administration of ADO (Figure 3). ADO
has been linked to lipolysis and glucose clearance and has
been proposed to enhance insulin sensitivity through its
receptors in adipose tissue [34]. Consequently, improved
glucose tolerance has been achieved using adenosine-based
pharmacological agents [35]. It has been reported that AZT
negatively impacts the oxidation of free fatty acids within
hepatic mitochondria, which can be associated with NRTI-
induced insulin resistance and dyslipidemia, leading to liver
TG accumulation and subsequent hepatic steatosis [23]. In
mice, AZT exposure reduces the mtDNA copy number in
the liver, which can also affect pancreatic islet size. AZT
administration reduced the mean insulin-positive cell area/
islets compared to those in control mice. Therefore, reduced
mtDNA copy number (caused by AZT treatment) can impair
insulin supply and sensing [36].

In our study, ADO administration alone enhanced insulin
levels after two weeks, which then normalized. While AZT
treatment alone did not result in significant changes, combined
treatment with ADO led to a drastic increase in insulin levels
compared to both the control and AZT groups (Figure 2A).
Additionally, treatment with ADO alone or in combination
with AZT increased serum glucagon concentration (Figure
2B), maintaining the insulin/glucagon ratio in animals
receiving the combined treatment compared with controls
(Figure 2C). Our results showed that AZT did not induce
insulin resistance in our rats at any point during treatment,
but did produce a transient hypoglycemic response to fasting
conditions (Figure 2). In this context, ADO administration
has also been linked to pancreatic insulin synthesis, reverse
cholesterol transport, prevention of fatty liver disease
[35,37], improvement of liver steatosis, and better glucose
and insulin clearance [38]. During inflammation, cytokines
released by immune cells, such as TNF-a and IL-18, directly
affect the endothelium, increasing the expression of cell
adhesion molecules (ICAM-1 and VCAM-1) and E-selectin
[39]. Administration of ADO, either alone or with AZT,
significantly decreased the levels of inflammatory cytokines
IL-1B and IL-6, which were elevated by AZT alone (4 to 8
weeks post-treatment). Treatment with ADO or AZT alone
increased the serum IL-4 concentration at 1 - 2 weeks post-
administration (Figure 4). It has been reported that IFC-305
(an aspartic-salt derivative of ADO) exhibits antioxidant
and anti-inflammatory activities, likely mediated by IL-10
and arginase activity, and prevents or even reverses carbon
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tetrachloride-induced cirrhosis in rats [40]. Studies have
investigated the role of pro-inflammatory cytokines in ADO
receptor expression in immune cells, reporting that IL-1 and
TNF-a enhance both A2AAR expression and functionality,
preventing receptor desensitization in human monocytes
[41], which could explain the early increase in TNF-a
observed after ADO administration (Figure 4). The anti-
inflammatory effect of ARs on macrophages is supported
by A2A, A2B, and A3AR activation and extracellular
adenosine. Activation of ADO receptors blocks the release
of pro-inflammatory mediators such as TNF-a, IL-6, IL-12,
nitric oxide, and macrophage inflammatory protein (MIP)-1a
[42]. Additionally, treatment with topically selective A2A
agonists reduces the inflammatory response, associated with
decreased inflammatory cell infiltration and lower LTB4 and
TNF-a levels [43,44].

AZT, lamivudine, and other nucleosides used in HIV
treatment must cross the plasma membrane to exert therapeutic
effects. Human Organic Cation Transporter 1 (hOCT1),
encoded by SLC22A1, is responsible for its uptake into target
cells [45]. Extracellular ADO enters cells via the SLC28
family of cation-linked concentrative nucleoside transporters
(CNTs) and the SLC29 family of energy-independent,
equilibrative nucleoside transporters (ENTs), and allows
adenosine to move freely across the cell membrane [44,46].
Although different transporters are involved in the cellular
entry of AZT and ADO, being nucleosides (pyrimidine and
purine, respectively) suggest that predicting interactions
with the same receptors or transporters is complex. Previous
studies have shown that the adverse effects of nucleoside
analogs used in HAART are directly related to mitochondrial
damage [47]. Mitochondrial injury manifests as abnormal
morphology, depletion of mitochondria-encoded enzymes,
and reduced mitochondrial gene numbers [48]. This
disruption results in energy loss, electron leakage from the
electron transport chain, increased reactive oxygen species
(ROS) levels, oxidative damage, and significant imbalances
in cellular redox states (i.e., an increased NADH/NAD
ratio), shifting the pyruvate/lactate balance toward increased
lactate production [49]. Liver and skeletal muscle tissues
are targets of mitochondrial damage induced by nucleoside
analogs [50,51]. Therefore, we explored the role of changes
in cellular redox states and their impact on the liver of AZT-
treated animals (Figures 5 and 6). Under our experimental
conditions, AZT induced lactic acidosis, although this
lactate did not seem to be produced by the liver, as shown
in Figure 5. Pyruvate levels showed minimal changes due
to either AZT or ADO. The serum NAD/NADH ratio was
higher in AZT-treated animals, while the liver cytoplasmic
NAD/NADH ratio was transiently oxidized by AZT alone.
Co-administration with ADO normalized the serum NAD/
NADH ratio and promoted a more oxidized liver cytoplasmic
NAD/NADH ratio in AZT-treated animals.

AZT treatment increased serum [(-OH-butyrate levels,
which were inversely correlated with liver f-OH-butyrate
levels, indicating that AZT induced a more reduced
serum NAD/NADH ratio of the ketone body redox pair,
reflecting the liver mitochondrial state (Figure 6). Changes
in cytoplasmic and mitochondrial redox states, with the
former being more oxidized and the latter being reduced,
particularly after 2 and 4 weeks of treatment, may be linked
to progressive mitochondrial dysfunction caused by AZT,
like known hepatotoxins [20]. The capacity of the cell to
oxidize substrates depends on its redox potential, making the
redox state a crucial regulatory factor for many metabolic
pathways [21]. An oxidized cytoplasmic redox state could be
associated with lower glucagon release and increased serum
IL-6 and IL-4 levels, whereas an increased mitochondrial
NAD/NADH ratio could promote glucagon and insulin
release, producing opposing effects on cytokines (Figure 7).

Conclusion

Oral administration of very low-dose AZT to rats over 1
- 8 weeks increased liver enzyme markers despite no necrotic
changes in liver histology or liver function alterations.
AZT induced a significant increase in liver TG levels,
indicating slight fatty infiltration, suggestive of early micro-
vesicular liver steatosis. These findings were associated with
hypoglycemia, low serum insulin and glucagon levels, and
elevated serum pro-inflammatory cytokines and liver TNF-a..
The co-administration of adenosine significantly mitigated
AZT-induced adverse effects, including inflammatory
molecule production and changes in cellular redox state. This
study demonstrates that AZT dosing, even at levels below
the NOAEL, can have adverse effects, which could extend to
patients receiving this antiretroviral.
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