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Abstract

This review examines human digestive physiology and metabolic adaptations in the context
of evolutionary dietary patterns, particularly those emphasizing carnivorous and scav-
enging behaviors. By integrating metabolomic data with archaeological, anatomical, and
microbiological evidence, the study explores how early hominins adapted to intermittent
but energy-dense animal-based diets. The analysis highlights the development of hepatic
insulin resistance, enhanced fat and protein metabolism, and shifts in gut microbiota diver-
sity as physiological signatures of meat consumption. Comparative evaluations of digestive
enzyme profiles, intestinal morphology, and salivary composition underscore humans’
omnivorous flexibility and partial carnivorous specialization. Additionally, biomarkers
such as ketone bodies, branched-chain amino acids, and trimethylamine-N-oxide are iden-
tified as metabolic indicators of habitual meat intake. These adaptations, though once
evolutionarily advantageous, are discussed in relation to current metabolic disorders in
modern nutritional contexts. Overall, this review presents a metabolomic framework for
understanding the evolutionary trajectory of human digestion and its implications for
health and dietary recommendations.

Keywords: metabolomics; human dietary evolution; meat consumption; digestive adaptation;
gut microbiota; ketogenic metabolism; enzyme evolution

1. Introduction
The study of human dietary evolution has long been a subject of interdisciplinary

research, encompassing archaeology, anthropology, and molecular biology. While tradi-
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tional approaches such as isotopic analysis and dental microwear studies have provided
valuable insights into ancestral diets, the advent of metabolomics has revolutionized our
understanding of human dietary adaptations. Metabolomics enables the identification of
small-molecule metabolites associated with specific dietary patterns, offering a biochemi-
cal perspective on the human diet’s evolution [1]. Recent studies comparing the plasma
metabolomes of individuals following different dietary regimes, including carnivorous
and omnivorous diets, have revealed significant metabolic distinctions, underscoring the
importance of dietary composition in shaping human metabolism [2].

One of the critical questions in human dietary evolution is the extent to which early
hominins relied on animal-based foods. Archaeological evidence, including cut marks
on fossilized bones and the presence of hunting tools, strongly suggests that meat con-
sumption played a pivotal role in human evolution [3]. From a metabolomic perspective,
dietary protein intake influences the endogenous metabolome by altering amino acid
metabolism, nitrogen balance, and lipid utilization [4]. Comparative analyses of modern
human metabolomic profiles indicate that individuals consuming high-protein diets exhibit
unique metabolic markers, such as increased urea cycle activity and altered gut microbiota
composition, similar to those found in carnivorous species [1–5].

Beyond direct protein metabolism, dietary fat utilization has also been a critical com-
ponent of human dietary evolution. The ability to efficiently metabolize fats, particularly
long-chain polyunsaturated fatty acids (PUFAs), is considered an adaptation that supported
the rapid brain expansion observed in hominins [6], a fact that also allows for maintain-
ing a high level of physical activity, allowing better adaptation to the environment [6–8].
Metabolomic studies have demonstrated that lipid metabolism in humans is highly respon-
sive to dietary intake, with ketogenic pathways becoming more prominent in individuals
consuming high-meat diets [9]. This metabolic flexibility is a distinguishing feature of
humans compared to other primates, who rely more on carbohydrate fermentation in the
gut [10].

Despite this evidence, the role of plant-based foods in human evolution remains sig-
nificant, and metabolomic research has highlighted the complexities of dietary interactions.
Phytochemicals, a major component of plant-based diets, influence gut microbiota compo-
sition and metabolic processes [1]. The presence of specific plant-derived metabolites in
human plasma suggests that early hominins maintained an omnivorous diet, incorporating
both animal and plant foods for optimal metabolic adaptation.

The incorporation of animal-based foods into the human diet has been a defining
characteristic of hominin evolution, influencing not only metabolic processes but also
anatomical and physiological adaptations. One of the key aspects distinguishing humans
from other primates is the relative reduction in gut volume and increased reliance on more
energy-dense foods, such as meat and fat, which require less extensive fermentation than
plant-based diets [11]. This shift has been crucial in supporting the high-energy demands of
an enlarged brain, a hallmark of human evolution. Unlike other primates, whose digestive
systems are adapted for the slow fermentation of fibrous plant materials, humans have
a relatively smaller colon and larger small intestine, reflecting a dietary adaptation that
prioritizes rapid nutrient absorption from high-quality foods, including animal proteins
and fats [12]. This anatomical shift is complemented by physiological adaptations, such as
increased gastric acidity, which facilitates the digestion of animal proteins while acting as a
defense mechanism against pathogens commonly found in scavenged or raw meat [13].

Metabolomic studies further reinforce the role of meat consumption in human evo-
lution by demonstrating distinct lipid and protein metabolism pathways that favor the
efficient utilization of dietary fats and amino acids [14]. Comparative research on modern
humans adhering to different dietary patterns, such as vegetarian, omnivorous, and car-
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nivorous diets, has revealed significant metabolic differences. For instance, individuals
consuming meat-based diets exhibit higher levels of ketone bodies and branched-chain
amino acids, indicating a metabolic reliance on fat oxidation and protein catabolism for
energy production [6]. This metabolic flexibility, particularly in lipid oxidation and keto-
genesis, would have provided early humans with a survival advantage in environments
where carbohydrate-rich foods were seasonally scarce or unpredictable [15].

Additionally, gut microbiota composition provides further evidence of dietary adapta-
tion. Comparative studies show that the human gut microbiome shares similarities with
that of carnivorous species in its ability to process high-protein, low-fiber diets [10]. While
herbivorous species rely on an extensive microbial community to break down complex
polysaccharides, humans harbor microbial populations that efficiently metabolize proteins
and fats, generating bioavailable energy sources such as short-chain fatty acids (SCFAs)
and nitrogenous compounds [2]. These findings suggest that meat consumption was not
merely an occasional dietary supplement for early hominins but rather a central component
of their nutritional strategy. Moreover, stable isotope analysis of fossilized hominin remains
consistently supports the hypothesis that early humans occupied a trophic position closer
to that of carnivores than of omnivorous primates, further reinforcing the argument for a
meat-rich diet [16].

In contrast to the microbial adaptations associated with meat-based diets, fiber-rich
plant-based diets promote markedly different gut microbiota profiles. Complex carbo-
hydrates and indigestible polysaccharides such as cellulose, hemicellulose, and resistant
starches serve as primary substrates for microbial fermentation in the colon. This process
supports the growth of saccharolytic taxa such as Prevotella, Ruminococcus, and Faecal-
ibacterium, which are associated with the production of SCFAs like butyrate, propionate,
and acetate [17]. These SCFAs are essential for colonic health and have been linked to
anti-inflammatory effects and improved metabolic outcomes. The reduction in fiber intake
associated with carnivorous or low-carbohydrate diets can, thus, lead to a shift toward
proteolytic fermentation, characterized by an increase in taxa such as Bacteroides, Alistipes,
and Bilophila. This dietary modulation underlies the observed differences in gut micro-
bial composition and function among omnivorous, herbivorous, and carnivorous dietary
patterns [18].

The metabolic adaptations to meat consumption in humans extend beyond simple
macronutrient utilization and encompass a wide range of biochemical and physiological
processes. Metabolomic analyses have identified specific biomarkers associated with habit-
ual meat consumption, such as carnitine, creatine, and various nitrogenous compounds,
which reflect the body’s capacity to efficiently metabolize animal proteins and fats [14].
These metabolites play critical roles in energy production, muscle function, and neural ac-
tivity, suggesting that dietary meat intake has influenced key aspects of human physiology.
Additionally, the presence of metabolites such as trimethylamine-N-oxide (TMAO) and
branched-chain amino acids (BCAAs) in the plasma of individuals consuming high-meat
diets further indicates distinct metabolic pathways that differentiate carnivorous from
omnivorous or herbivorous species [19]. While excessive levels of TMAO have been linked
to cardiovascular disease risks in modern populations, some researchers argue that its
role in ancestral diets may have been functionally neutral or even beneficial in different
ecological and physiological contexts [20].

Beyond individual metabolic markers, metabolomic studies have also revealed how
meat consumption influences systemic metabolic regulation, particularly in relation to
insulin sensitivity and energy homeostasis. Protein-rich diets have been shown to stimulate
gluconeogenesis, the process of generating glucose from non-carbohydrate substrates,
which is essential for maintaining stable blood sugar levels in low-carbohydrate condi-
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tions [21]. Moreover, ketogenic metabolism, characterized by the increased production
and utilization of ketone bodies from dietary fats, has been identified as a crucial adap-
tation that may have allowed early humans to endure prolonged periods of fasting or
seasonal food scarcity [22]. These findings align with anthropological evidence suggesting
that early hominins were not only hunters but also scavengers, relying on intermittent
access to animal-based foods to sustain high-energy demands [15]. The ability to efficiently
extract and utilize energy from meat and fat, as evidenced by metabolomic research, un-
derscores the evolutionary significance of carnivorous dietary patterns in shaping human
metabolic flexibility.

Given the increasing evidence from metabolomics supporting the role of meat con-
sumption in human dietary evolution, it is crucial to investigate how biochemical adap-
tations have shaped human metabolism in response to animal-based diets. Traditional
archaeological and isotopic methods have provided substantial insights into early hominin
diets, but metabolomics now offers a more detailed perspective on the physiological and
molecular pathways that differentiate human metabolism from that of other primates [4].
Metabolic markers such as ketone bodies, BCAAs, and TMAO provide a biochemical
signature of meat consumption and indicate metabolic flexibility in utilizing proteins and
fats as primary energy sources [23]. The ability of humans to efficiently oxidize fatty acids
and shift to ketogenesis under fasting conditions suggests an evolutionary advantage in
environments where carbohydrate-rich foods were scarce or seasonally unavailable [24].

This study aimed to analyze human digestive physiology and metabolic adaptations
to carnivorous and scavenger diets from a metabolomic perspective. By integrating data
from paleontology, archaeology, digestive anatomy, enzymatic activity, and gut microbiota
composition, this review will evaluate how humans evolved to process and metabolize
animal-derived nutrients. Additionally, by comparing the metabolomic profiles of indi-
viduals consuming high-meat diets with those on plant-based diets, we seek to identify
biomarkers that elucidate the extent to which human metabolism exhibits carnivorous
adaptations. This research will contribute to evolutionary biology by providing a biochemi-
cal framework for understanding human dietary evolution, with potential implications for
contemporary nutrition and metabolic health.

Search Methods and Strategies for Research Identification

The protocol for this review followed a systematic literature search strategy, incor-
porating both primary sources (peer-reviewed scientific articles) and secondary sources
(bibliographic indexes and databases). To ensure a comprehensive selection of relevant
studies, searches were conducted using PubMed, Scopus, Web of Science, ScienceDirect,
Embase, and SciELO. The literature search focused on identifying metabolomic, paleonto-
logical, physiological, and anthropological studies related to human digestive adaptations
to carnivorous and scavenger diets. The keywords used in this search included pale-
odiet, human dietary evolution, meat consumption, scavenging behavior, hunting and
scavenging in hominins, food processing in early humans, marrow consumption, isotopic
analysis of diet, dental microwear, enamel isotopes, tooth morphology, gut microbiota
composition, digestive adaptations, gastric acidity, intestinal length, protein digestion, lipid
metabolism, ketogenic metabolism, BCAAs, TMAO, energy metabolism, insulin response,
glucagon, leptin, ghrelin, metabolic homeostasis, microbial fermentation of protein and fat,
gut microbiome of omnivores vs. carnivores, dietary lipid absorption, high-protein diet
effects, genetic adaptation to meat consumption, metabolic flexibility in humans, dietary
adaptation and brain evolution, and health implications of ancestral diets. The search
included articles published from January 2010 to the present, prioritizing the most recent
findings in metabolomics and human dietary evolution. However, foundational studies
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were included when they provided essential historical or theoretical background following
previous procedures [25–30]. Studies were excluded if they (i) contained outdated data
irrelevant to current metabolomic research, (ii) focused on unrelated topics, or (iii) were
PhD dissertations, conference proceedings, abstracts, unpublished studies, or books.

2. Evolution of the Human Diet: Paleontological and
Archaeological Evidence

The evolution of the human diet has been a central focus in paleoanthropology, re-
vealing how our ancestors shifted from primarily plant-based foraging to incorporate
significant animal-sourced foods. Fossil and archaeological evidence, such as isotopic
signatures in bones and cut-marked animal remains, indicates that meat and fat became
increasingly important in hominin nutrition over the last several million years [31]. Ad-
vancements in analytical techniques, including dental microwear textures, stable isotope
and lipid residue analyses, now provide detailed insight into what our ancestors ate and
how they obtained and processed those foods [32]. In this review, we refer primarily to
hominins, a subgroup within the hominid family that includes modern humans (Homo
sapiens) and their direct ancestors following divergence from the last common ancestor
with chimpanzees. While the term hominid encompasses all great apes (including gorillas,
orangutans, and chimpanzees), hominin is more specific to the evolutionary line leading
directly to humans.

2.1. Meat Consumption in Ancestral Hominins

Early hominins diverged from the predominantly herbivorous diets of great apes and
began incorporating animal foods well before the emergence of Homo sapiens. Stable isotope
evidence of fossil teeth and bones provide a chemical record of diet. For example, carbon
isotope analysis shows that many Australopithecines (4–2 Ma) had mixed diets, including
significant C4 plant resources such as tropical grasses or sedges, unlike modern apes that eat
almost exclusively C3 plants [33]. However, direct evidence of meat consumption in these
early species is more elusive. A controversial but important finding from Dikika, Ethiopia,
suggests that Australopithecus afarensis (~3.4 million years ago) may have occasionally eaten
meat. Two animal bones from Dikika bear incisions that detailed analysis determined were
not caused by trampling; the most plausible explanation is butchery with stone tools [34].
These 3.4 Ma bones have multiple V-shaped cut marks and percussion damage consistent
with flesh slicing and marrow extraction, implying that Australopithecus afarensis used sharp
stones to remove meat and crack bones [35]. If confirmed, this pushes back evidence of
butchery by roughly 800,000 years earlier than previously thought, indicating that even
pre-Homo hominins may have scavenged or hunted small game for meat on occasion [36].

By the dawn of the genus Homo (~2.8–2.5 Ma), meat eating appears to have become
more regular. The earliest stone tools (Oldowan industry, ~2.6 Ma) coincide with increased
evidence of carcass processing in the archaeological record [37]. Animal bones from several
African sites around 2.5–2.0 Ma show cut marks and breakage patterns from stone imple-
ments, suggesting that early Homo was systematically butchering animals [38]. At Kanjera
South in Kenya (~2.0 Ma), three well-preserved faunal assemblages provide clear evidence
that Oldowan hominins acquired and processed numerous, relatively complete, small
ungulate carcasses and even sometimes accessed larger animal remains [39]. These fossils
show a repeated pattern of hominin butchery over thousands of years, representing the
earliest known case of persistent carnivory in the hominin lineage [40]. The intensification
of meat eating around 2.0 Ma likely reflects a significant adaptive shift early Homo becoming
both hunters and efficient scavengers of meat, rather than only occasional consumers of
animal foods [41].
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Dental evidence further supports a dietary shift toward more animal food in early
Homo. Morphologically, Homo erectus and related species evolved smaller teeth and gut size
alongside larger brains, changes often linked to higher-quality diets rich in meat [42]. Mi-
croscopic wear patterns on teeth (dental microwear) in early hominins suggest a broad and
variable diet. For instance, microwear and enamel chemistry in species like Australopithecus
africanus and Paranthropus boisei contradict the idea that they were strict herbivores or seed
crushers, suggesting a more generalized foraging pattern [43]. By the Pleistocene, members
of the genus Homo were likely consuming meat regularly enough that it influenced dental
and facial evolution, with smaller chewing muscles and teeth compared to Australopithecus
afarensis [44]. The incorporation of calorie- and protein-rich animal foods is hypothesized
to have fueled brain expansion in the genus Homo and may have allowed early humans to
thrive in the savanna ecological niche [45].

Later Pleistocene hominins, including Neanderthals and early modern humans, left
especially strong evidence of carnivorous diets. Isotopic analyses of fossil bone collagen
have consistently shown Neanderthals to be top-level carnivores, with stable nitrogen iso-
topes (δ15N) indicating they obtained most of their dietary protein from large herbivorous
prey [46]. The isotopic evidence indicates that in all cases, Neanderthals were top-level
carnivores, whereas Upper Paleolithic modern humans (~40,000 BP) show more variable
isotope values and some reliance on fish and other aquatic resources [47]. New analytical
techniques reinforce this view: Zinc isotope ratios in tooth enamel from a 150,000-year-old
Neanderthal in Spain place it high on the trophic ladder, indicating a heavily meat-based
diet [48].

Importantly, different lines of evidence illustrate that Neanderthal diets were not
entirely uniform. Dental calculus (tartar) microfossils from some Neanderthals in Iraq
and Spain show bits of cooked starchy plants and even medicinal herbs, implying plant
consumption when available [49]. Moreover, fecal biomarker analysis from soil at El Salt,
Spain (~50,000 BP) detected coprostanol (a cholesterol byproduct) at high levels, consis-
tent with a diet heavy in animal fat/protein, but also found 5β-stigmastanol, indicating
significant ingestion of plant matter [50]. These integrated findings portray Neanderthals
as primarily carnivorous hunters who supplemented their meat-heavy diet with plant
foods as necessary a flexible omnivory skewed towards carnivory, likely shaped by Ice Age
environments [51].

Overall, from the first stone-tool users to Late Pleistocene humans, the trend in our
lineage was toward greater exploitation of meat. This dietary shift is recorded not only in
cut-marked bones and isotopic ratios but even in our physiology (e.g., gut proportions,
dentition) and is considered a cornerstone adaptation in human evolution.

2.2. Hunting Tools and Food Processing in the Fossil Record

The archaeological record reveals a co-evolution of diet and technology. As hominins
became more carnivorous, they developed tools and techniques to acquire and process
animal foods more efficiently. The earliest known stone tools date to about 3.3 million
years ago from Lomekwi 3, Kenya, and predate the genus Homo, suggesting that tool use
for food processing began with Australopithecus afarensis [52]. These very ancient tools are
large, heavy-duty implements that may have been used to pound hard foods like nuts or
tubers, or to break bones and cut flesh. By 2.6 Ma, a more refined stone technology, from the
Oldowan industry, appears in East Africa, contemporaneous with evidence of systematic
butchery [53].

Oldowan tools, including simple core flakes and choppers, were sharp enough to slice
meat and tendons, scrape hides, and crack bones. Animal fossils from sites such as Gona
and Olduvai Gorge (~2.5–1.8 Ma) bear telltale cut marks from stone flakes and percussion
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marks from hammerstones, indicating that early Homo used these tools to skin carcasses,
fillet muscle, and extract marrow [54]. The pattern and location of cut marks typically
found on bones at muscle attachments or around limb joints show that hominins were
defleshing carcasses in much the same way modern butchers do, by cutting away meat and
disarticulating limbs [55].

Over time, stone tool technology became more sophisticated, enhancing hominins’
hunting and processing capabilities. Around 1.7 million years ago, the Acheulean tool in-
dustry emerged, characterized by large bifacial handaxes. These teardrop-shaped handaxes
and cleavers remained in use for over a million years, suggesting they were highly effective
multi-purpose tools [56]. Although often thought of for woodworking or digging, experi-
ments show Acheulean handaxes were efficient butchery tools their broad, sharp edges
could efficiently joint large carcasses and slice meat. Acheulean sites such as Olorgesailie in
Kenya or Gesher Benot Ya’aqov in Israel have yielded both stone handaxes and abundances
of animal bones with cut marks, implying that Homo erectus and contemporaries were
regularly butchering sizeable animals.

By the Middle Pleistocene, hominins also developed wooden and compound hunting
weapons. The famous Schöningen spears from Germany, sharpened wooden spears dating
to ~300,000 years ago, are the oldest complete hunting weapons found and demonstrate
active big-game hunting by Homo heidelbergensis or Neanderthals [57]. These 2–2.5-m
javelins were finely crafted and well balanced, suggesting they were used to stab or throw
at large prey, such as horses, and represent a leap in hunting technology beyond stone tools
alone. Likewise, stone-tipped spears (hafted stone points) appear in the archaeological
record ~500,000 years ago, increasing the lethality of hominin weapons.

Hominins also innovated food processing techniques beyond cutting tools. A major
technological milestone was the control of fire, which allowed cooking. Cooking directly
affects diet by making foods especially meat and starchy plants easier to chew, detoxify,
and digest, thereby increasing net energy gain. Though there are disputed claims of earlier
fires, the oldest widely accepted evidence of controlled fire use is from Wonderwerk Cave
in South Africa (~1.0 million years ago) [58]. There, archaeologists found unambiguous
evidence in the form of burned bone and ashed plant remains, indicating that early Homo
erectus was likely cooking its food.

By 400,000 years ago, fire use was habitual at sites like Qesem Cave (Israel) and
Schöningen (Germany), where concentrated hearths, charred bones, and heat-altered stone
tools have been discovered [59]. Cooking meat would have offered several advantages,
evident in the archaeological and anatomical record: Softer, cooked meat and marrow can
be eaten with smaller teeth and weaker jaws (matching the reduced dentition of Homo
erectus); pathogens in meat are killed by heat (reducing disease); and cooked food yields
more calories, supporting larger brains and bodies.

In addition to cooking, hominins developed other processing behaviors such as drying
or caching food. Cut marks on 400,000-year-old deer bones from Qesem Cave show a
unique pattern: They appear not to have been made when the animal was freshly killed, but
after the outer flesh had been removed and the bones stored for a period [60]. Researchers
concluded that Paleolithic humans at Qesem were storing ungulate leg bones with the
skin on, then later stripping the dried skin and cracking the bone to eat the marrow,
effectively preserving marrow as a food supply for up to nine weeks [61]. This surprising
behavior indicates a planned, delayed consumption strategy akin to food storage, which
was previously not thought to exist until much later in prehistory.
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2.3. Marrow and Fat Consumption in Hominins

Nutrient-dense fat played a vital role in human evolution, and a wealth of evidence
shows that our ancestors went to great lengths to extract fat from animal carcasses par-
ticularly in the form of bone marrow and brain tissue. Marrow, the fatty, calorie-rich
tissue inside long bones, preserves well in the paleontological record through the damage
patterns left on bones broken to access it. Paleoanthropologists have identified character-
istic fracture and impact patterns in animal bones at hominin sites, revealing intentional
marrow extraction.

Long bones from early Pleistocene sites often show spiral fractures (produced when
fresh bones are broken) and percussion marks (dents or pits where hammerstones struck),
indicating hominins smashed them soon after death to scoop out the marrow [61]. Notably,
an analysis of bone assemblages from Olduvai Gorge (~1.8 Ma) led researchers to conclude
that maximization of marrow (fat) yields, rather than muscle meat, was the criterion
shaping decisions about carcass processing by early hominins [62].

Later hominins continued to avidly exploit marrow and fat with increasing efficiency.
By the Middle Pleistocene, there is evidence of not only immediate consumption but
also delayed consumption of marrow. The findings from Qesem Cave (~400–200 ka) are
particularly revealing, showing that prehistoric humans stored ungulate long bones at the
cave, still encased in dried skin as a natural container, then cracked them open weeks later
when needed [63]. The presence of stored bones suggests that fat was a sufficiently critical
resource to be preserved and rationed.

Biomolecular analyses have also begun to detect residues of animal fat on prehistoric
tools, strengthening the case that hominins deliberately targeted fatty tissues. Residue
analysis of stone tools from Qesem Cave identified preserved fat molecules, likely degraded
bone grease, on the artifacts, providing direct evidence that those tools were employed in
breaking bones to access marrow [64].

Thus, the convergence of paleoanthropological, archaeological, and biochemical evi-
dence provides a robust understanding of how profoundly the human diet has changed
since our ape ancestors. The fossil record, isotopic analyses, and tool evidence collectively
show that early Homo species relied increasingly on meat and marrow, driving adaptations
in brain size, dentition, and technological complexity. The mastery of hunting, butchery,
fire use, and food preservation strategies underscored a major dietary transformation that
played a central role in shaping human evolution. Ongoing interdisciplinary research
will continue to refine our understanding of these dietary shifts and their implications for
human adaptation.

3. Dental and Masticatory Adaptations
Diet has been a major driving force in human evolution, shaping the form and function

of our teeth and jaws. The human masticatory apparatus, including teeth, mandible,
maxilla, and chewing muscles, has adapted over millions of years in response to changing
dietary behaviors. Unlike specialized carnivores or herbivores, humans are omnivores with
a mixed diet, and our dentition reflects a balance of traits for processing both meat and
plant foods [31].

3.1. Human vs. Carnivore and Herbivore Dentition

Human teeth differ markedly from those of strict carnivores and herbivores in terms
of morphology, enamel characteristics, and jaw function. Carnivorous mammals, such
as felids and canids, typically have pronounced canines for seizing prey and blade-like
carnassial teeth for slicing flesh. Their jaw joints are configured for powerful vertical biting
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with minimal side-to-side motion, essentially functioning as a hinge optimized for crushing
and tearing [65].

In contrast, herbivorous mammals, including ungulates such as cows and horses, lack
strong canines and instead feature broad, ridged molars adapted for grinding tough plant
matter. Herbivore jaws have a looser joint articulation, allowing significant horizontal (lat-
eral) movements for chewing; this lateral translation capability, paired with well-developed
dental ridges, enables the efficient shredding and grinding of fibrous vegetation [66]. Ac-
cordingly, their craniomandibular architecture differs: Carnivores have vertically oriented
jaw muscles and joints optimized for forceful closure, whereas herbivores possess jaw joint
surfaces and musculature that facilitate lateral motion and prolonged chewing [67].

Humans, as omnivores, occupy an intermediate position. Our jaws can move both
vertically and slightly laterally, allowing some grinding. Our dentition includes incisors for
biting, modest canines, and bunodont (low, rounded-cusp) molars suited for both slicing
and crushing food [68].

Another key difference lies in enamel thickness and hardness. Enamel, the hard outer
layer of teeth, varies with diet: Herbivores generally have thicker and harder enamel than
carnivores, as a response to resisting wear from abrasive plant foods. Evidence show that
herbivores tend to exhibit the highest enamel surface hardness, followed by omnivores,
with carnivores having the lowest values [69]. Humans have notably thick enamel for a
primate—considerably thicker than that of our great-ape relatives, such as chimpanzees
and gorillas. Among primates, fruit- and leaf-eating species tend to have thin enamel,
whereas omnivorous primates have intermediate enamel thickness, with Homo sapiens
possessing some of the thickest enamel, an evolutionary hallmark linked to a broad diet
and the need for durable teeth over a long lifespan [70].

Jaw biomechanics mirror these dental differences. Human jaw muscles (temporalis
and masseter) are arranged to produce a balanced bite force and allow a degree of rotary
chewing, unlike the highly specialized muscle arrangements in carnivores (built for biting
force at the canines) or herbivores (built for endurance grinding). The human temporo-
mandibular joint (TMJ) permits an oval motion during chewing, enabling both the vertical
and slight lateral movements needed to process a varied diet [71,72]. Overall, the human
dentition and jaws represent a compromise between the slicing apparatus of carnivores
and the grinding mills of herbivores.

3.2. Molar Structure and Evolutionary Trends from Early Hominins to Humans

The structure of human molars—the large cheek teeth—has undergone notable
changes through hominin evolution, reflecting shifts in diet and food processing tech-
niques. Early hominins from the Pliocene (e.g., Australopithecus) had considerably larger
molars and thicker enamel than both earlier apes and modern humans. The australopiths,
living 4–2 million years ago, evolved megadont (large-toothed) dentitions with expansive,
flat molar surfaces and thick enamel, especially in the robust australopiths (genus Paran-
thropus). These features suggest an adaptation for consuming tough, abrasive foods such as
roots, tubers, and hard seeds [73].

For example, Paranthropus boisei (nicknamed “Nutcracker Man”) had enormous, flat
molars with hyper-thick enamel, a deep robust mandible, and a skull with a prominent
sagittal crest to anchor powerful chewing muscles—morphology indicative of extreme
chewing forces [74]. In contrast, early Homo (starting ~2.5 Ma) showed a trend of dental
reduction—smaller molars and jaws—which continued through Homo erectus and into
Homo sapiens [75]. These trends likely reflect dietary shifts: increased consumption of
animal protein, which is easier to chew than tough plant fiber, and the advent of food
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processing (such as cutting meat with tools and later cooking with fire), which softened
foods before they entered the mouth.

The use of tools to slice meat and crack bones, and the controlled use of fire (at least
by ~1 Ma and certainly by 0.5 Ma), reduced the need for extremely large teeth and jaws,
favoring smaller faces and teeth in genus Homo. Experiments suggest that cooking tubers
and meat greatly decreases the chewing effort and number of chewing cycles needed,
which, over evolutionary time, would relax selection for massive teeth and jaws [76].

Within the genus Homo, molar structure became more refined. Early Homo erectus
(~1.8 Ma) still had larger teeth than modern humans but they were smaller than those of
australopiths, indicating a more generalized diet that included substantial meat [77]. By the
time of anatomically modern humans (~300,000 years ago), molars had reduced further in
size, and jawbones became thinner and less robust. This reduction co-evolved with cultural
practices—not only cooking but also the grinding of grains, use of mortars, and other food
preparation techniques in the later Pleistocene and Holocene, all of which decreased the
toughness of foods entering the mouth [78].

Thus, dental and masticatory adaptations in human evolution reflect a complex in-
terplay between biology and diet. Humans evolved from ape ancestors with relatively
generalized omnivorous dentitions, and through time, our lineage experimented with both
ends of the dietary spectrum from the tough plant processing of Australopithecus to the
meat-heavy diets of later Homo. Compared to carnivores and herbivores, our dentition
today is a mosaic: We lack the extreme slicing or grinding specializations, yet we have
retained thick enamel, versatile jaw mechanics, and moderate tooth size, underscoring our
omnivorous niche.

4. Digestive Anatomy and Physiology: Comparison with Carnivores
and Omnivores

Carnivorous diets have left distinct metabolic footprints in human physiology. One of
the most notable effects is observed in carbohydrate metabolism: Prolonged consumption of
low-carbohydrate diets led to the development of hepatic insulin resistance. This adaptive
mechanism favored endogenous glucose production through gluconeogenesis, ensuring
a continuous supply of glucose for the brain in the absence of dietary carbohydrates [79].
Additionally, carnivorous feeding patterns have been associated with modifications in
amino acid and purine metabolism. Animal studies have demonstrated shifts in the profile
of circulating free amino acids, such as elevated levels of taurine, as well as alterations in
purine degradation pathways—both of which are closely tied to high protein intake and
reflect the biochemical demands of a meat-based diet [79]. These metabolic adjustments
were paralleled by changes in the gut microbiome. Carnivorous species typically display
reduced microbial diversity, including the loss of genes associated with mucosal immune
defense, such as NOX1, and a diminished presence of microbial enzymes involved in the fer-
mentation and degradation of plant-derived fibers, suggesting an ecological restructuring
of the intestinal ecosystem in response to meat-centered nutrition [79].

The transition to a predominantly carnivorous diet during human evolution brought
profound reproductive and metabolic consequences. One key advantage was the possibility
of earlier weaning, which contributed to shorter interbirth intervals and, ultimately, in-
creased reproductive rates, thereby reshaping human population dynamics over time [79].
However, several of the adaptive traits that emerged under conditions of nutritional
scarcity have become maladaptive in modern dietary contexts. For instance, hepatic
insulin resistance, which once conferred survival benefits by maintaining cerebral glu-
cose availability in carbohydrate-deficient environments, now predisposes individuals to
metabolic disorders such as type 2 diabetes when exposed to diets high in refined sugars
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and carbohydrates [80,81]. Furthermore, genomic evidence suggests that humans, like
other carnivorous mammals, have experienced a progressive loss of detoxifying enzymes,
including cytochrome P450 family members such as CYP2C and conjugating enzymes like
UGT. These enzymes are responsible for neutralizing a broad spectrum of phytochemicals
and environmental toxins. Their evolutionary reduction likely reflects ancestral dietary
patterns with minimal exposure to plant-based xenobiotics, but in contemporary settings,
this loss may increase vulnerability to synthetic and environmental toxins that were absent
from prehistoric diets [82,83].

4.1. Digestive Anatomy and Physiology: A Comparative Overview of Carnivores and Omnivores

The digestive anatomy of carnivores and omnivores exhibits fundamental differences
shaped by their distinct dietary requirements. A comparative analysis of their morpho-
logical and physiological traits highlights the evolutionary adaptations that support their
respective feeding strategies.

In the oral cavity, carnivores such as cats (obligate carnivores) and dogs (facultative
carnivores) possess sharp canines and well-aligned molars optimized for tearing flesh.
Their saliva exhibits minimal α-amylase activity, reflecting a limited role in carbohydrate
digestion [84]. In contrast, omnivores display a mixed dentition: sharp canines for tear-
ing, complemented by flat molars designed for grinding plant matter. Their saliva often
contains α-amylase, which initiates the enzymatic breakdown of carbohydrates within the
mouth [85].

The stomach of carnivores is typically single-chambered and highly specialized for
protein digestion. Felines, for example, rely predominantly on amino acids such as gluta-
mate and aspartate as metabolic fuels for enterocytes [84]. While omnivores also possess
a single-chambered stomach, it is less specialized. Nonetheless, it produces gastric acid
and enzymes capable of digesting both animal and plant proteins, enabling a more flexible
dietary intake [84,85].

The small intestine of carnivores is relatively short in proportion to body length, con-
sistent with their capacity to rapidly and efficiently digest nutrient-dense animal proteins
and fats. In felids such as lions and tigers, the small intestine measures approximately
three to six times the body length [86]. In humans, by comparison, the adult small intestine
spans about five meters [87]. Dogs, unlike cats, exhibit moderate pancreatic α-amylase
activity, which enables partial starch digestion [84]. In omnivores, the small intestine is
of intermediate length, supporting the digestion of a broad spectrum of foods. Certain
omnivorous fish, for instance, show histological variations across intestinal segments as
adaptations to their mixed diets [88].

The large intestine of carnivores is typically short and functions primarily in the
fermentation of undigested proteins and water absorption. Microbial activity in this
region is limited relative to that observed in omnivores [84,89]. In omnivorous species,
the large intestine is generally more developed, allowing for microbial fermentation of
plant materials. In animals such as bilbies, the cecum and colon serve as primary sites of
microbial fermentation [85].

With respect to carbohydrate and plant metabolism, carnivores are adapted to diets
low in carbohydrates and possess limited digestive capacity for plant-based components
due to enzymatic and anatomical constraints [90]. In species such as lions and tigers, the
relatively short intestinal tract enables the rapid transit of easily digestible meat, facilitated
by proteolytic enzymes and highly acidic gastric secretions [86]. Omnivorous species, by
contrast, demonstrate substantial dietary flexibility. For example, bilbies can efficiently
digest both animal-based foods (e.g., mealworms) and plant-based matter (e.g., seeds),
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although their ability to process fiber-rich diets is constrained by reduced selective retention
in the hindgut [85].

These anatomical and physiological differences reflect evolutionary adaptations to
distinct dietary needs. Carnivores are biologically optimized for consuming protein-rich
diets with minimal reliance on carbohydrate processing, whereas omnivores exhibit greater
digestive versatility, enabling them to efficiently utilize a broad range of both animal and
plant-based food sources (Table 1).

Table 1. Key comparative findings between carnivores and omnivores.

Characteristic Carnivores Omnivores

Dentition Sharp canines for tearing flesh Mixed dentition (canines for tearing, molars for grinding)

Stomach Single-chambered; highly acidic and
specialized for protein

Single-chambered; less specialized, capable of processing
varied foods

Small Intestine Short in proportion to body length Intermediate length for broader nutrient absorption

Large Intestine Simple and short; limited microbial
fermentation Longer; supports microbial fermentation of plant matter

Dietary Adaptability Specialized for high-protein intake;
limited carbohydrate processing

Flexible; capable of digesting both animal and
plant-based foods

4.2. Human Intestinal Length in Comparison to Carnivorous and Herbivorous Species

The relative length of the human intestine, when compared to that of carnivorous
and herbivorous species, reflects an omnivorous adaptation characterized by intermediate
anatomical traits. Humans exhibit a gastrointestinal morphology that is neither as special-
ized for protein digestion as that of carnivores—who possess shorter intestines optimized
for the rapid breakdown and absorption of animal proteins—nor as elongated as that of
herbivores, whose extended intestines are designed to facilitate the microbial fermentation
of fibrous plant material. Notably, the human small intestine is relatively long, enabling the
efficient digestion and absorption of a broad range of macronutrients, including proteins,
fats, and carbohydrates [91]. Leroy et al. have shown that the total intestinal length in
humans, with a body length-to-intestine ratio of approximately 5:1, more closely resembles
that of dogs (carnivores: 6:1) than that of ruminants such as cattle (herbivores: 12:1), further
underscoring the human digestive system’s generalist configuration [92].

McKenney et al. reported substantial individual variation in human intestinal length.
For instance, females consistently displayed longer small intestines than males, a difference
that may reflect greater lipid absorption demands associated with reproductive functions
such as gestation and lactation [91]. Furthermore, while small intestine length showed rela-
tive consistency, the colon exhibited greater variability, suggesting that reliance on microbial
fermentation may differ across individuals. These findings support the expensive tissue
hypothesis, which posits that dietary shift toward higher-quality foods—such as cooked
starches and meat—reduced the evolutionary dependence on microbial fermentation in
the colon, thereby allowing for an increased allocation of energy to brain development.
This perspective aligns with the mosaic evolution hypothesis, which suggests that specific
regions of the gastrointestinal tract evolved independently in response to dietary pressures.
The human intestinal length exemplifies evolutionary adaptations to an omnivorous dietary
strategy, balancing traits found in both carnivorous and herbivorous species. Importantly,
considerable interindividual variability—driven by factors such as sex and diet—highlights
the evolutionary trade-offs associated with dietary changes, including the adoption of
cooking and the reduced reliance on microbial digestion [13,92].
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4.3. Presence and Functionality of the Human Cecum and Its Dietary Implications

Although considerably smaller than in herbivorous species, the human cecum retains
important functions related to microbial fermentation, SCFA production, and intestinal
homeostasis. Its functional relevance is closely linked to dietary fiber intake, with sig-
nificant implications for inflammation regulation and metabolic health [93–95]. Bacterial
fermentation of dietary fiber in the cecum results in the generation of SCFAs, including
butyrate, propionate, and acetate. Among these, butyrate serves as the primary energy
source for colonocytes, enhances mucosal immunity, and plays a key role in suppressing
intestinal inflammation [95,96]. Experimental studies in mice have demonstrated that cecal
removal reduces SCFA levels by approximately 50%, leading to a decline in microbial
diversity and an increased susceptibility to infections [95].

The colon hosts a diverse anaerobic microbiome, which is essential for colonization
resistance against pathogenic organisms. Disruption or loss of the cecal microbiota is
strongly associated with dysbiosis and a subsequent decrease in anti-inflammatory SCFA
levels [97]. In addition, SCFA-mediated pH reduction in the colon facilitates the absorption
of key minerals such as calcium and magnesium [97,98]. Diets deficient in fiber reduce SCFA
production, a phenomenon linked to the pathogenesis of inflammatory bowel disease, type
2 diabetes [99], and atherosclerosis [100] and an increased risk of colorectal cancer [101,102].

From an evolutionary perspective, the relatively small size of the human cecum is
consistent with the expensive tissue hypothesis, which proposes that the reduction in gut
size was an adaptive trade-off that favored increased brain development at the expense
of microbial digestive capacity [103,104]. Then, while the human cecum is reduced in
size, it retains critical fermentative functions that are dependent on dietary fiber intake.
Its anatomical reduction reflects evolutionary adaptations to high-quality diets but also
underscores the modern necessity for fiber-rich nutrition to maintain intestinal health
through SCFA-mediated mechanisms.

4.4. Gastric Emptying Rate and Stomach Acidity in Relation to Meat Digestion

Gastric emptying rate and gastric acidity are tightly integrated with the digestion of
meat, involving a coordinated interplay of structural, enzymatic, and regulatory mecha-
nisms. These factors operate in concert to ensure the effective breakdown and assimilation
of animal protein.

The structural complexity of meat, characterized by its dense protein matrix and
fibrous texture, resists rapid degradation. This necessitates prolonged mechanical break-
down via antral contractions, which delays gastric emptying compared to homogenized
or liquid meals. Studies have demonstrated that fat- and protein-rich boluses—similar in
composition to meat—tend to sediment within the stomach, sequestering nutrients and
further slowing their release into the duodenum [105].

Particle size regulation is another key determinant of gastric transit. The pyloric
sphincter restricts the passage of gastric contents to particles smaller than 2 mm. Larger
fragments of meat are retained in the stomach for further mechanical breakdown, thereby
prolonging gastric residence time. While this facilitates efficient protein hydrolysis, it also
delays nutrient delivery to the small intestine [106,107].

Protein denaturation is catalyzed by the highly acidic gastric environment (pH 1–3),
which unfolds the tertiary structure of meat proteins, exposing peptide bonds to enzymatic
cleavage by pepsin. Insufficient gastric acidity impairs this process, resulting in poorly
digested meat residues [107,108]. The activation of pepsin is pH-dependent, with optimal
conversion of pepsinogen to pepsin occurring at pH < 4, and maximal enzymatic activity at
pH 2. In conditions of hypochlorhydria (pH > 5), pepsin remains inactive, reducing proteolysis
and, thereby, prolonging gastric retention of undigested protein particles [109,110].
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Acidic chyme produced during meat digestion stimulates pH-sensitive receptors
in the duodenum, triggering the release of regulatory hormones such as secretin. This
feedback mechanism inhibits gastric emptying, preventing intestinal overload and ensuring
adequate neutralization and enzymatic processing in the small intestine [106,111].

Nutrient-dependent signaling also plays a central role. Hydrolyzed proteins and
amino acids derived from meat digestion stimulate gastrin secretion, which enhances both
gastric acid production and antral motility. This creates a positive feedback loop in which
protein-rich meals promote their own digestion by increasing the functional capacity of the
stomach [112,113].

High-protein diets further enhance gastric acid secretion due to both the buffering
capacity of meat and the presence of specific amino acids (e.g., phenylalanine, tryptophan).
This acid response compensates for the structural resistance of intact meat, balancing
mechanical breakdown and chemical digestion to optimize gastric emptying [114].

The rate of gastric emptying also varies with the physical form of the meat. Mechani-
cally processed meats (e.g., ground beef) empty more rapidly due to reduced structural
integrity, whereas whole cuts require prolonged acid and enzymatic action. For example,
liquid protein shakes bypass structural delay and are emptied from the stomach faster than
their solid counterparts [105,115].

Clinically, the use of proton pump inhibitors (PPIs), which elevate gastric pH above 4,
compromises pepsin activity and impairs protein digestion. This not only delays gastric
emptying but may also increase intestinal permeability and the risk of malabsorption [116,117].

5. Digestive Enzyme Production and Dietary Implications
Digestion in animals relies on a suite of enzymes tailored to break down proteins,

carbohydrates, and fats. The profile and activity of these digestive enzymes have evolved
in accordance with dietary habits [118]. Species that consume starch-rich diets tend to
express higher levels of amylases, whereas strict carnivores primarily invest in proteases to
maximize protein digestion [119].

Humans, as omnivores, produce a broad spectrum of digestive enzymes, yet there
are notable constraints, particularly regarding the breakdown of certain complex plant
polysaccharides. Unlike herbivorous species, which possess extensive microbial fermen-
tation capabilities in specialized gut chambers, the human digestive system has limited
endogenous enzymatic capacity to process fiber [120].

The evolution of digestive enzymes in humans reflects a key metabolic adaptation
to dietary transitions throughout hominin evolution. Proteolytic enzymes such as pepsin,
trypsin, and chymotrypsin became essential for efficiently extracting amino acids from
animal-derived proteins. This enzymatic capacity not only enabled early humans to rely
on intermittent but nutrient-dense meat consumption but also contributed to metabolic
flexibility by supporting gluconeogenesis and ketogenesis in carbohydrate-scarce envi-
ronments [121]. In parallel, lipase activity—particularly, pancreatic lipase and lingual
lipase—facilitated the rapid hydrolysis and absorption of fats, supporting sustained en-
ergy production during periods of fasting or food scarcity [122]. Compared to herbiv-
orous species, humans exhibit a reduced expression of cellulolytic enzymes, reflecting
an evolutionary shift away from fiber-rich diets [123]. These enzyme profiles mirror the
broader metabolic transition toward reliance on animal proteins and fats, as documented in
metabolomic biomarkers such as branched-chain amino acids, carnitine, and ketone bodies.

5.1. Pepsin and Proteases in Protein Digestion

Protein digestion begins in the stomach with pepsin, an aspartic protease that is
activated in the highly acidic gastric environment. Pepsin is the primary protease in human
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gastric juice, initiating the breakdown of complex proteins into peptides. It is secreted as
an inactive precursor, pepsinogen, by chief cells in the gastric mucosa and is activated
when the stomach pH falls below ~2–4, a process that involves auto-catalytic cleavage [124].
In humans, pepsin, in conjunction with hydrochloric acid (HCl), plays a fundamental
role in protein digestion by denaturing muscle fibers and exposing peptide bonds for
enzymatic cleavage [125]. The low gastric pH not only optimizes pepsin activity but also
serves as a protective mechanism against ingested pathogens. Pepsin typically hydrolyzes
approximately 10–20% of dietary protein within the stomach, producing peptide fragments
that further stimulate digestive processes in the small intestine [126].

Once chyme enters the duodenum, pancreatic proteases take over. The pancreas se-
cretes inactive zymogens, including trypsinogen, chymotrypsinogen, and procarboxypepti-
dases, which are subsequently activated in the small intestine to trypsin, chymotrypsin,
and carboxypeptidase. These enzymes systematically cleave peptide bonds, reducing
polypeptides into oligopeptides and free amino acids, which are further processed by
brush-border peptidases for absorption. This two-phase digestive strategy allows hu-
mans to efficiently assimilate protein, with evidence indicating that lean meat protein
exhibits > 90% digestibility when properly cooked and chewed [127].

Comparative studies indicate that pepsin and analogous gastric proteases are ubiqui-
tous among carnivorous and omnivorous vertebrates, though their activity varies depend-
ing on stomach acidity and dietary protein reliance. Obligate carnivores, such as felids,
typically exhibit highly acidic gastric environments (pH ~1–2), which ensures full activa-
tion of pepsin and enables rapid protein breakdown. In contrast, herbivorous mammals,
particularly foregut fermenters, maintain higher gastric pH values (pH 4–7), as they depend
more on microbial fermentation rather than enzymatic hydrolysis for protein acquisition.
Interestingly, humans exhibit gastric pH levels around 1.5, akin to scavengers, suggesting
an evolutionary advantage in omnivorous diets, possibly to aid in pathogen elimination
and the efficient digestion of animal proteins [128].

Protein-digesting enzymes in other species share functional similarities with human
pepsin and pancreatic proteases, though they may differ in isoforms and enzymatic out-
put. Ruminant herbivores, for example, secrete lysozyme in the abomasum to hydrolyze
bacterial cell walls, as their primary protein source comes from microbial fermentation.
Additionally, carnivorous and insectivorous species often produce chitinases in the stom-
ach or pancreas, allowing them to digest chitin-rich prey, a capability largely absent in
humans [129]. Overall, while the core suite of gastric and pancreatic proteases in humans is
comparable to that of other omnivores, obligate carnivores exhibit a more specialized and
intensified proteolytic capacity, reflecting their reliance on animal protein. Evolutionarily,
species that have transitioned to higher-protein diets often show upregulation or gene du-
plications of proteases, and some species even induce new proteases during developmental
shifts toward carnivory, such as in amphibians undergoing metamorphosis.

These comparative insights emphasize that pepsin and proteases are evolutionarily
conserved but their levels, specificity, and gastric environment are tuned to an organism’s
dietary composition. Humans, as omnivores, maintain a balance between proteolytic
efficiency and digestive flexibility, facilitating the consumption of both plant and animal-
derived protein sources.

5.2. Limited Capacity for Complex Polysaccharide Digestion in Humans

Humans possess a well-developed capacity for digesting simple sugars and starch but
have a limited ability to break down complex polysaccharides such as dietary fiber. The
digestion of starch begins in the oral cavity with the action of salivary α-amylase, which
initiates the hydrolysis of α-1,4 glycosidic bonds in starch. This process continues in the
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small intestine, where pancreatic amylase further degrades starch into maltose and smaller
oligosaccharides, which are subsequently broken down into absorbable monosaccharides
by brush-border enzymes such as maltase, isomaltose, and sucrase. However, not all starch
is fully digestible [130]. A portion, called resistant starch, resists amylase hydrolysis due
to its physical structure or retrogradation properties and remains intact until reaching the
colon, where it undergoes microbial fermentation.

While humans efficiently digest starch, they lack the necessary enzymes to break down
plant structural polysaccharides, particularly cellulose. Cellulose, the primary constituent
of plant cell walls, remains indigestible because humans do not produce cellulase, the
enzyme required to hydrolyze β-1,4 glycosidic linkages. Similarly, hemicelluloses, pectins,
and other non-starch polysaccharides are resistant to human digestive enzymes and largely
bypass enzymatic degradation in the small intestine. As a result, these fibers reach the large
intestine, where microbial fermentation occurs [131].

Unlike ruminants and hindgut-fermenting herbivores, which possess specialized gut
chambers and symbiotic microbiota for fiber degradation, humans have only a modest
fermentative capacity. The human proximal colon, while functionally analogous to the
enlarged cecum of herbivores, is far less efficient at extracting energy from fiber. How-
ever, a diverse gut microbiota enables partial fiber breakdown, converting undigested
carbohydrates into SCFAs such as acetate, propionate, and butyrate, which serve as energy
substrates for colonic cells and contribute to metabolic health. The presence of fiber-
degrading bacterial species in the human colon, some of which are also found in herbivores
(e.g., Ruminococcus and Bacteroides), suggests that humans retain a limited ability to extract
energy from plant cell walls through microbial fermentation [128].

Despite microbial assistance, humans derive minimal caloric value from dietary fiber.
Most fiber is excreted after fermentation, contributing only a small fraction of daily energy
intake. The relatively low fiber consumption in modern diets further limits microbial energy
extraction. Even under high-fiber dietary conditions, the absence of a large fermentation
chamber (such as rumen) imposes physiological constraints on fiber utilization, reinforcing
the necessity for readily digestible carbohydrates or animal-derived nutrients in human
diets [132].

Cooking and food processing can increase nutrient availability in fibrous foods by soft-
ening plant cell walls, thereby enhancing enzymatic access. However, the human digestive
system remains primarily adapted to digestible starches and sugars, with gut microbiota
compensating for fiber digestion to a limited extent. In contrast, herbivores exhibit intricate
symbioses and morphological adaptations—such as multi-chambered stomachs or enlarged
ceca—that maximize fiber degradation and microbial fermentation. This fundamental dif-
ference underscores why humans must rely on more energy-dense foods, such as processed
plant carbohydrates or animal products, to meet metabolic demands [133].

5.3. Enzymatic Profiles of Carnivores vs. Omnivores (Humans)

Species-specific differences in digestive enzyme production reflect long-term dietary
specializations. The digestive systems of strict carnivores (obligate meat-eaters) and om-
nivores (such as humans) have evolved to optimize the breakdown of macronutrients
through key enzymatic adaptations [134–136].

5.3.1. Carbohydrate-Digesting Enzymes (Amylases)

Omnivores generally produce more amylases than carnivores, consistent with a higher
intake of dietary starch. Humans, for instance, exhibit high levels of salivary and pancreatic
amylases, encoded by the AMY1 and AMY2 genes, respectively. Populations with histor-
ically starch-rich diets evolved additional copies of the AMY1 gene, leading to elevated
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salivary amylase activity. Humans can carry between 2 and 15 copies of AMY1, signifi-
cantly more than non-human primates, which typically have only two copies. This genetic
adaptation reflects the evolutionary shift toward starch-based diets, incorporating tubers,
grains, and cooked roots [137].

By contrast, strict carnivores exhibit minimal amylase activity. For example, cats
produce no salivary amylases, and their pancreatic amylase secretion is relatively low
compared to omnivores. Wild carnivores such as wolves also demonstrate limited starch
digestion capacity, possessing only two copies of the AMY2B gene and lacking salivary
amylase entirely. Interestingly, domesticated dogs, due to their co-evolution with humans
and adaptation to starch-rich diets, have developed a higher pancreatic amylase output,
with some individuals carrying between 4 and 30 copies of AMY2B. This enzymatic plas-
ticity highlights the evolutionary flexibility of omnivores compared to the rigid metabolic
specialization of obligatory carnivores [138].

Other omnivorous species, such as pigs and rats, also exhibit substantial amylase
activity—some in both saliva and pancreas—to accommodate plant matter in their diet.
In summary, the presence, quantity, and regulation of amylase serve as a distinguishing
feature between dietary specializations: Omnivores like humans rely on amylase to break
down starch before absorption, while strict carnivores largely depend on gluconeogenesis
from protein and produce minimal amylase [139].

5.3.2. Protein-Digesting Enzymes (Proteases)

Both carnivores and omnivores require robust protease activity, but carnivores typi-
cally demonstrate higher baseline protease levels to cope with protein-dense meals. All
mammals produce a similar suite of pancreatic proteases (e.g., trypsin, chymotrypsin,
elastase, carboxypeptidases) and gastric pepsin, but their secretion rates and regulation
differ [140]. Obligate carnivores, such as felines, have higher dietary protein requirements
and do not downregulate protein catabolic pathways, even when consuming lower-protein
diets—an evolutionary adaptation to consistent meat consumption. Their stomach acidity
is also greater, with a pH as low as 1.0–2.0, optimizing protease activity and facilitating
rapid protein breakdown. This combination of high protease secretion and gastric acidity
allows for the efficient digestion of large, infrequent meals typical of carnivores [141].

Humans, as omnivores, produce substantial proteases, but their total protein intake
is lower than that of felines or wild carnivores. While a human pancreas and a canine
pancreas generate the same proteolytic enzymes, carnivores often have higher enzyme
output per kilogram of body weight. Some carnivores also secrete gastric chitinase, an
enzyme specialized in digesting insects and crustacean exoskeletons, which are either
absent or vestigial in humans. Conversely, omnivores produce enzymes such as sucrase-
isomaltose, enabling the digestion of plant-derived sugars, which carnivores metabolize
inefficiently [142]. Another noteworthy adaptation in carnivores that consume whole prey
is the presence of gastric lysozyme, an enzyme that facilitates the digestion of bacterial cell
walls, providing an additional protein source from gut microbiota. This specialization is
absent in strict herbivores but occurs in some ruminant-feeding carnivores (e.g., hyenas),
which ingest partially digested plant matter from their prey’s stomachs [143].

5.3.3. Fat-Digesting Enzymes (Lipases)

The ability to digest fats is critical for both carnivores and omnivores, as lipids rep-
resent a major energy source. The primary enzyme involved is pancreatic lipase, which
hydrolyzes triglycerides into fatty acids and monoglycerides, facilitating absorption in the
small intestine. While all mammals produce pancreatic lipase (PL), auxiliary lipases differ
between dietary groups. Carnivores such as cats and dogs secrete high levels of pancre-
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atic lipase to efficiently digest animal-derived fats [144]. However, they lack pancreatic
lipase-related protein 2 (PLRP2), an enzyme found in many omnivores and herbivores
that assists in digesting plant-derived fats, particularly glycolipids. Research indicates that
cats and dogs do not express PLRP2, whereas omnivores (e.g., humans, pigs, rats) and
non-ruminant herbivores (e.g., horses, rabbits) produce both classical lipase and PLRP2,
reflecting their broader dietary spectrum [144].

The absence of PLRP2 in carnivores can be explained by dietary consistency: Animal-
based foods contain triglycerides and phospholipids but negligible glycolipids, making
PLRP2 functionally unnecessary. Humans, consuming both animal fats and plant oils, have
retained PLRP2, conferring a more versatile lipid digestive capacity. Moreover, carnivores
tend to have shorter intestines, requiring efficient and rapid fat digestion and absorption.
Their bile secretion is also optimized for handling high dietary fat loads, whereas omnivores
must accommodate both moderate and low-fat diets. Interestingly, human saliva contains
a lingual lipase, an enzyme that initiates fat digestion in the stomach, a feature shared with
some wild carnivores (e.g., neonatal mammals relying on milk digestion) [145].

5.3.4. Evolutionary Considerations

The enzymatic adaptations observed in carnivores and omnivores reflect evolutionary
trade-offs shaped by diet. Gene copy variation plays a crucial role: Humans and dogs have
evolved multiple amylase gene copies in response to starch-rich diets, while cats have lost
the need for amylase entirely. Similarly, the absence of PLRP2 in carnivores and its reten-
tion in omnivores illustrates how dietary pressures drive enzyme evolution. Regulatory
plasticity is also evident: Omnivores can adjust digestive enzyme production based on
diet (e.g., increasing amylase secretion on high-carbohydrate diets), whereas carnivores
have a more fixed enzymatic profile, reflecting their specialized reliance on protein and fat
metabolism. These physiological distinctions highlight how dietary composition directly
influences enzyme expression and digestive efficiency, demonstrating a clear evolutionary
relationship between feeding strategy and biochemical adaptation [146].

Thus, digestive enzyme production in humans reflects our omnivorous heritage, equip-
ping us to process a diverse range of foods while lacking the extreme specializations seen in
strict carnivores or herbivores. Pepsin and other proteases enable efficient protein digestion,
functioning similarly to those found in carnivores but without the extreme adaptations
observed in obligate meat eaters. Carnivores possess higher protease secretion rates and
consistently low gastric pH, whereas human proteolytic activity remains adaptive and
intermediate—effective for meat digestion but not as highly optimized as in true carni-
vores [120]. In contrast, human carbohydrate digestion is significantly more developed
than that of carnivores. High salivary and pancreatic amylase levels allow efficient starch
hydrolysis, a trait shared with other omnivores and reflecting an evolutionary reliance
on starch-rich foods. Comparatively, strict carnivores have minimal carbohydrase ac-
tivity, lacking salivary amylases entirely, while possessing only low pancreatic amylase
output [146].

Despite our proficiency in digesting starches and proteins, humans lack endogenous en-
zymes for breaking down most dietary fibers, underscoring a significant digestive limitation.
Instead, we depend on gut microbiota to ferment indigestible plant polysaccharides—an ap-
proach resembling herbivorous digestive strategies, albeit in a rudimentary form. While
herbivores possess large fermentation chambers (i.e., rumen, cecum), humans rely primar-
ily on colonic fermentation, yielding only a modest energy return in the form of SCFAs.
These enzymatic distinctions have clear dietary implications. Humans thrive on a mixed
diet, obtaining energy efficiently from starches, proteins, and fats, but deriving little direct
energy from raw plant fiber. Conversely, carnivores struggle to metabolize starch and
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cannot subsist on plant matter alone due to their high reliance on proteolytic and lipolytic
pathways. Evolution has finely tuned digestive biochemistry in each lineage through gene
duplications, functional losses, and regulatory adaptations, aligning enzyme profiles with
dietary availability [147].

Understanding these enzyme differences underscores why diet must match an ani-
mal’s biological design. For humans, high-quality proteins and accessible carbohydrates
(alongside fiber for gut health) best complement our enzymatic capabilities. Extreme
dietary patterns—such as all-raw greens or exclusively raw meat—may challenge our
intermediate physiology, as our digestive system is not optimized for highly specialized
feeding strategies. Ongoing research in genomics and microbiome science continues to
illuminate the co-evolution of human digestive enzymes and gut microbes, offering deeper
insights into nutritional health and the evolutionary forces that shaped human digestion.

6. Macronutrient Metabolism in Humans
Metabolic diseases are associated with the nutrition transition, which is defined by

a change from traditional to modern diets that are low in nutritional diversity and high
in energy density. The human diet has different components, including nutrients that
supply critical materials for numerous metabolic activities in every cell, along with non-
nutrients [148]. These components and their metabolites can control gene expression
and cellular function through several methods. Certain components are advantageous,
whereas others exhibit harmful consequences [148]. In this regard, human metabolism has
developed to effectively utilize proteins and fats as principal energy sources [149], especially
when the carbohydrate supply is restricted. This adaptation is essential for survival in
conditions with limited or irregular dietary glucose intake, setting humans apart from
strictly herbivorous creatures that primarily depend on carbohydrates for energy [150].
Although carbohydrate-rich foods are essential for a nutritious diet, as they supply the
necessary glucose for biological functioning and physical activity, the excessive intake
of processed, simple, and low-quality carbohydrates directly affects physical and mental
pathology. In fact, carbohydrate consumption is hypothesized to be a significant influence
in the emergence of the predominant Western diseases of the 21st century [151]. Given
these metabolic dynamics, it is crucial to examine how the body processes the conversion
of macronutrients into energy and the perspective specifically from a high-protein diet.

6.1. Efficient Conversion of Proteins and Fats into Energy: A Lower Dependence on Carbohydrates

Unlike herbivorous species, whose digestive systems are specialized for fermenting
plant matter to extract energy from carbohydrates, humans have developed versatile
metabolic pathways that allow for the efficient utilization of fats and proteins as alternative
energy sources [128]. As explained many years ago by Alberts and collaborators in 2002,
cells break down food molecules to generate chemical energy in the form of Adenosine
triphosphate (ATP) and Nicotinamide adenine dinucleotide (NADH). This procedure
occurs in three primary phases. Initially, during digestion, macromolecules from food,
including proteins, lipids, and polysaccharides, are decomposed into their monomers,
such as amino acids, fatty acids, and sugars, either extracellularly or within specialized
organelles like lysosomes. Secondly, in glycolysis, glucose is transformed into pyruvate in
the cytosol via a sequence of events that produce ATP and NADH. Pyruvate is subsequently
carried to the mitochondria, where it is transformed into acetyl-CoA [152]. Third, in the
citric acid cycle and oxidative phosphorylation, acetyl-CoA enters the citric acid cycle
within the mitochondria, generating NADH and FADH2, which convey electrons to the
electron transport chain situated in the inner mitochondrial membrane, where the released



Metabolites 2025, 15, 453 20 of 58

energy facilitates ATP synthesis and oxygen consumption. This multi-step process allows
cells to effectively derive energy from food molecules to maintain essential processes [152].

Protein synthesis, an essential activity in all biological systems, is crucial for maintain-
ing life and promoting organism growth and development [153]. Corsetti et al. describe
a recent study that offers a distinctive viewpoint highlighting the complex interactions
among energy, dietary proteins, and amino acid composition, emphasizing their interdepen-
dence for health-related implications [154]. Protein synthesis is an energy-intensive process,
requiring at least four ATP molecules for each peptide bond formed. The creation of a
typical protein, such as albumin, requires more than 2900 ATP molecules. ATP molecules
are produced by the mitochondrial oxidation of around 60–70 glucose molecules, provided
that cellular metabolism functions with low entropy [155]. This process is governed by
complex metabolic systems. Indeed, as previously said, both energy generation and protein
synthesis must be meticulously regulated to fulfill cellular and biological requirements.
Concretely, AMP-activated protein kinase (AMPK) is a crucial energy sensor that regulates
metabolic processes in response to cellular energy levels [156].

When ATP levels drop and AMP levels rise, AMPK becomes activated, inhibiting an-
abolic pathways like protein, fatty acid, and cholesterol synthesis while promoting catabolic
processes such as glucose uptake, fatty acid oxidation, and autophagy (AUT) [157]. AMPK
suppresses mTOR activity, thereby regulating protein synthesis and facilitating cell adapta-
tion to energy stress. AUT, a self-degradative process, helps maintain energy homeostasis
by recycling cellular components, particularly during metabolic stress. Additionally, essen-
tial amino acids (EAAs), particularly branched-chain amino acids like leucine, play a pivotal
role in activating mTOR, modulating protein synthesis, and influencing mitochondrial
biogenesis [158,159]. The mTOR pathway integrates nutrient and energy signals to balance
anabolic and catabolic processes, promoting cell growth and metabolism when energy is
sufficient and triggering autophagy under low-energy conditions. Moreover, transcription
factors like ATF4 respond to nutrient deprivation and mitochondrial stress, regulating
gene expression to support protein folding, antioxidant defense, and autophagy-related
processes [154].

Fat metabolism provides a highly efficient and sustained energy supply, particularly
during periods of fasting, prolonged exercise, or carbohydrate restriction [160]. The process
begins with lipolysis, where stored triglycerides in fat cells break down into glycerol
and free fatty acids [161,162]. Panov and collaborators pointed out again, recently, that
glycerol can be converted into glucose through gluconeogenesis, while free fatty acids are
transported into the bloodstream to be used by cells for energy production. Inside the cells,
fatty acids undergo β-oxidation in the mitochondria, where they are broken down into
two-carbon units called acetyl-CoA while also generating high-energy electron carriers
NADH and FADH2. These molecules then enter the citric acid cycle, also known as the
Krebs cycle, where acetyl-CoA undergoes further reactions producing more NADH and
FADH2 as well as releasing carbon dioxide as a byproduct [163]. The final step occurs
in the electron transport chain, where NADH and FADH2 donate electrons to a series of
protein complexes in the mitochondrial membrane, creating an electrochemical gradient
that drives ATP synthesis through oxidative phosphorylation, ensuring maximum energy
yield [163].

Thus, when carbohydrate intake is low, an alternative pathway called ketogenesis
takes place in the liver, where excess acetyl-CoA is converted into ketone bodies such as
acetoacetate β-hydroxybutyrate and acetone. These ketones serve as an alternative energy
source particularly for the brain, heart, and muscles since fatty acids themselves cannot
directly cross the blood–brain barrier. Ketone bodies are water-soluble, making them easily
transportable in the bloodstream, providing a continuous energy supply in the absence of
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glucose [164]. This metabolic flexibility is essential in contexts where carbohydrate intake
is limited, such as during fasting, ketogenic diets, or prolonged caloric restriction. Then,
fatty acids can be used directly as an energy source by most tissues, except for the brain
and red blood cells, which rely primarily on glucose for their function [165].

Knowing this process mentioned above, it could be said that humans exhibit a lower
dependence on carbohydrates than herbivorous species, which are adapted to extract and
utilize energy primarily from fiber fermentation [166–168]. In contrast, the human digestive
system lacks specialized fermentation chambers, such as the rumen found in ruminants,
and has a relatively small cecum, limiting the capacity for fiber digestion [169,170]. This
anatomical and physiological design supports a diet that includes higher proportions of
fats and proteins, as evidenced by the relatively higher activity of lipases and proteases
compared to cellulases in the human digestive tract.

6.2. Impact of Low-Carbohydrate Diets on Human Metabolic Regulation

Low-carbohydrate diets have been shown to induce significant metabolic adaptations,
including increased fatty acid oxidation, enhanced insulin sensitivity, and reduced glucose
fluctuations. In fact, recent guidelines such as those of Foley and colleagues have ac-
knowledged and promoted the utilization of a low carbohydrate diet (LCD) as a legitimate
alternative for patients with T2DM and obesity [171]. Systematic, evidence-informed edu-
cation must be accessible to all physicians to enhance confidence and guarantee consistency
and quality assurance. It is based on the idea that the transition to a fat-based metabolism is
marked by a reduction in insulin secretion, promoting lipolysis and reducing dependency
on glycogen stores [172].

Although in clinical studies, low-carbohydrate and ketogenic diets have demon-
strated benefits for metabolic health, including improved glycemic control in individuals
with type 2 diabetes, reduced markers of inflammation, and enhanced mitochondrial
efficiency [173,174], long-term adherence to such diets remains an object of debate due
to potential concerns regarding nutrient balance, gut microbiota alterations, and cardio-
vascular implications [175]. However, a recent study investigated the effects of a high-
carbohydrate/low-fat (HC) diet compared to an LCD on physically active adults. Over a
three-week period, participants followed an HC diet, then underwent a wash-out phase,
and subsequently adhered to an LCD. The study assessed physical performance, body
composition, and blood parameters after each dietary phase. The findings revealed that the
LC diet led to significant reductions in body weight and fat mass without compromising
physical performance. In contrast, the HC diet did not result in notable changes in these
parameters. These results suggest that an LCD may be more effective for body composition
improvements while maintaining performance in physically active individuals [176]. Also,
Santamarina et al. exposed that a low-carbohydrate diet facilitates weight reduction and
enhances glucose intolerance in individuals with obesity. The quality of lipids directly
affects outcomes, indicating that the intake of ω-3 polyunsaturated and ω-9 monounsat-
urated lipids can enhance glucose intolerance, lipid metabolism, and anti-inflammatory
effects [177].

In conclusion, human metabolism is highly adaptable, allowing for efficient energy
extraction from proteins and fats while maintaining metabolic flexibility in response to
dietary composition. This ability has played a crucial role in human evolution and continues
to have implications for modern dietary strategies and metabolic health.

7. Metabolomic Profile of Individuals on Carnivorous Diets
Carnivorous diets, which are primarily composed of animal-based foods, have gained

popularity in recent years. These diets emphasize high protein and fat intake while minimiz-
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ing carbohydrates, and their effects on metabolism have been the subject of various studies,
as this type of diet has been linked to different pathologies. For instance, previous literature
related red and processed meat consumption to insulin resistance, metabolic syndrome,
type 2 diabetes, oxidative stress, and non-alcoholic fatty liver disease (NAFLD) [178–182].

Metabolomics has gained significant attention for its ability to provide insights into
the biochemical processes influenced by various diets. Understanding the metabolomic
profile of individuals on carnivorous diets is essential, as it can reveal the metabolic
impacts of consuming a meat-rich diet and help identify potential health risks and benefits.
Several studies have investigated the metabolomic profiles of populations consuming
meat-rich diets. These studies aim to identify specific metabolites associated with high
meat consumption and understand the metabolic pathways affected by such diets. Hence,
nutritional metabolomics primarily aims to identify specific metabolites linked to food
intake and their effects on the risk of chronic diseases. For example, research in this field
has uncovered the atherogenic compound trimethylamine N-oxide (TMAO). TMAO is
generated by the gut microbiome from dietary components like choline, betaine, and L-
carnitine, which are commonly found in foods such as eggs, red meat, and fish. Thus,
TMAO has been associated with higher cardiovascular disease development [183,184].
Moreover, the current literature has proposed how L-carnitine, abundant in red meat, is
metabolized by gut microbes into TMAO, with JAGTTR01 sp018223385 confirmed as a key
contributor. Researchers analyzed microbial genes in individuals with different TMAO
production levels and identified the gbu gene cluster as the primary driver, rather than
cntA/B or the cai operon. Previously, it was believed that the cntA/B genes or the cai
operon were the main drivers of TMAO production. Additionally, this study proposed
that gbu gene abundance increased with carnivorous diets and decreased with plant-based
diets. These findings suggest that gbu-containing microbes could serve as biomarkers or
targets for personalized nutrition and cardiovascular health strategies [185].

Thus, a recent study has explored the effects of high-fat meat protein diets on potential
metabolite biomarkers in a mice model, developed for non-alcoholic fatty liver disease
(NAFLD). The study showed that diets supplemented with mutton proteins increased
hepatic total cholesterol, triglycerides, serum alanine transaminase, and aspartate transami-
nase, along with lipid droplet accumulation. These changes were accompanied by altered
gene expression associated with lipid and cholesterol metabolism. This kind of diet signifi-
cantly upregulated the expression of acetyl-CoA carboxylase 1 (ACC1), sterol regulatory
element-binding protein 1 (Srebf1), fatty acid transporter (CD36), fatty acid synthase (FAS),
and stearoyl-CoA desaturase 1 (SCD1). Additionally, the diet increased the levels of sterol
regulatory element-binding protein 2 (Srebf2), 3-hydroxy-3-methyl-glutaryl-CoA reductase
(HMGCR), and peroxisomal acyl-CoA oxidase 1 (ACoX1). Conversely, it downregulated
the expression of cholesterol 7 alpha-hydroxylase (Cyp7a1) and sterol 27-hydroxylase
(Cyp27a1), indicating a shift in lipid and cholesterol metabolic pathways [186].

Furthermore, in a recent population-based in Swedish cohort, metabolites associated
with processed red meat consumption were correlated with elevated levels of fasting
insulin, hemoglobin A1c, and lipoprotein(a). Additionally, these metabolites showed
an inverse relationship with maximal oxygen consumption. In contrast, the metabolites
linked to unprocessed red meat consumption did not exhibit these specific associations,
highlighting the distinct metabolic impacts of processed versus unprocessed red meat.
More specifically, unprocessed red meat intake was associated with 403 metabolites, with
strong positive and negative links to 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE and glutamine
degradants. Processed red meat showed similar associations, notably, with 1-(1-enyl-
stearoyl)-2-arachidonoyl-GPE and 2,6-dihydroxybenzoic acid. All these findings may relate
higher meat intake to adverse health outcomes, including cardiovascular disease [187].
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Comparing the metabolomic profiles of individuals on carnivorous diets with those on
predominantly plant-based diets reveals significant differences in specific metabolites and
metabolic pathways. Plant-based diets are characterized by higher consumption of fruits,
vegetables, grains, legumes, nuts, and seeds, which influence the metabolomic profile
differently than meat-rich diets. In this line, a recent study proposed the association of
plant-based diet indexes with the metabolomic profile. This study showed that individuals
with a higher healthful plant-based diet index had a lower body mass index (BMI), lower
fasting glucose levels, and higher high-density lipoprotein cholesterol (HDL-C) levels.
In contrast, those with higher unhealthful plant-based diet indexes had a higher BMI,
higher triacylglycerol and fasting glucose levels, and lower HDL-C levels. The study iden-
tified several amino acids and biogenic amines associated with cardiometabolic diseases,
highlighting the beneficial effects of healthful plant-based diets on metabolic health [188].

Moreover, recent researchers described the plasma metabolomic profiles of plant-
based dietary indices and their association with metabolic syndrome [188,189]. Hence, the
authors proposed how plant-based diets were associated with improved health outcomes,
including a lower risk of metabolic syndrome. Among 411 plasma metabolites analyzed,
13 key metabolites were identified, including hypaphorine, indolepropionic acid, and
lignan-derived enterolactones, which were connected to all plant-based diet indices and
showed an inverse relationship with metabolic syndrome components. Indolepropionic
acid, derived from dietary tryptophan, has been linked to improvements in chronic low-
grade inflammation and higher dietary fiber intake [190,191]. Enterolactones, produced
by gut microbiota from plant lignans, are associated with health benefits in chronic and
cardiometabolic diseases [192,193]. These findings highlighted how the metabolomic
fingerprints of plant-based diets revealed potential pathways for metabolic syndrome
associations, emphasizing the role of plant-based diets in promoting metabolic health.

A diet rich in meat has been linked to various biomarkers associated with protein
metabolism. One significant biomarker is blood urea nitrogen (BUN). BUN is produced in
the liver when proteins are broken down, and it serves as an indicator of protein intake and
kidney function. High-protein diets, like those in carnivorous eating patterns, tend to raise
BUN levels due to the increased breakdown of amino acids. Another important biomarker
is creatinine, a byproduct of muscle metabolism. Creatinine levels are commonly used to
assess kidney function, but they can also indicate muscle mass and protein metabolism.
Elevated creatinine levels can be seen in individuals who consume large amounts of an-
imal protein, as their muscle tissue undergoes more frequent breakdown and renewal.
Studies have shown that individuals on high-protein diets, such as those following car-
nivorous diets, often have elevated BUN and creatine levels, reflecting increased protein
metabolism [194].

In terms of lipid metabolism, triglycerides and cholesterol are commonly used as
biomarkers. Carnivorous diets are typically high in fats, especially saturated fats, which
can affect lipid profiles. People who follow a diet rich in animal fats often show elevated
levels of triglycerides and cholesterol, particularly low-density lipoprotein (LDL). These
lipid biomarkers are linked to the risk of cardiovascular diseases, raising concerns about
the long-term health effects of high-fat carnivorous diets [195].

Ketone bodies, especially β-hydroxybutyrate, are another key biomarker in carnivo-
rous diets. When carbohydrate intake is very low, the body enters ketosis, using fat as its
main energy source. Carnivorous patterns often show higher levels of ketone bodies, as
their bodies adjust to using fats instead of carbohydrates for energy. Elevated ketone bodies
clearly indicate lipid metabolism when carbohydrates are not significantly consumed [196].
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8. Gut Microbiota and Adaptation to a Carnivorous Diet
There have been recent studies that have suggested that microbiota in the gut may

play a significant role in the preservation of human health [197]. Even though nutrition
research has primarily concentrated on how direct interactions between dietary compo-
nents and host systems influence human health, it is becoming increasingly vital to take
into consideration the effects of nutrients on the microbiome of the gut to obtain a more
comprehensive picture [198]. The comprehension of nutrient–host–microbiome interactions
has the potential to reveal new mechanisms of disease etiology and progression, as well as
provide new disease prevention strategies and therapeutic possibilities, and may require al-
ternative criteria to assess the safety of food constituents [198]. Recent research has revealed
how gut microbiotas have helped mammalian species adapt to new carbon sources and
specialize in certain foods. Gut microbiotas also amplify environmental and developmental
signals, shaping mammalian phenotypic plasticity. These microbiota-induced evolutionary
consequences appear to have occurred swiftly amongst closely related mammalian species
and communities, possibly affecting recent human evolution [199].

8.1. Differences in Microbiota Composition Among Carnivores, Omnivores, and Herbivores

The distinct dietary adaptations of carnivores, omnivores, and herbivores are reflected
in the vast differences in the composition of gut bacteria among these three groups [200].
Bacteria that are experts at fermenting and metabolizing carnivorous foods thrive on
these diets because they are high in fat and protein and low in fiber. The bacteria that
can break down complex carbohydrates and produce SCFAs are more abundant in the
guts of omnivores and herbivores [201], especially those who eat a high-fiber diet [202].
Zoelzer et al. showed precisely that herbivores exhibit significantly higher microbial
diversity than carnivores, reflecting distinct gut microbiota adaptations [202]. However,
unlike herbivores, carnivores show high intra-species variability in microbiota composition,
posing methodological challenges in microbiome research. Studies indicate that analyzing
fewer than 10 samples per species may yield inconsistent results, whereas from 10 onwards,
bacterial composition stabilizes, ensuring more reliable findings [203]. Nevertheless, studies
have pointed out that Clostridium and Bacteroides dominate the protein and fat metabolism
microbiota of carnivores [204], which is less diverse and more variable. Their role and that
of Fusobacterium play crucial roles in these diets:

• Clostridium perfringens is associated with protein breakdown through proteolytic
fermentation, producing metabolites such as ammonia and hydrogen sulfide [205,206].

• Bacteroides species are efficient in hydrolyzing fats and proteins, contributing to lipid
metabolism and the production of essential nutrients [207].

• Fusobacterium specializes in the degradation of amino acids and peptides, further
supporting protein digestion and energy extraction [208].

The predominance of these bacteria in carnivorous gut microbiomes enables efficient
nutrient absorption but also results in the production of byproducts such as branched-chain
fatty acids and nitrogenous waste, which influence gut health and metabolic homeosta-
sis [209]. However, a recent case study analyzed the gut microbiota of a healthy individual
who followed a strict carnivorous diet for four years, consuming only animal-based prod-
ucts [210]. Surprisingly, their microbiota exhibited an alpha and beta diversity comparable
to that of healthy omnivores. Additionally, dominant bacterial genera, such as Faecal-
ibacterium, Blautia, Lachnospiraceae and Roseburia, included those typically associated with
fiber degradation. These findings suggest that despite the absence of plant-based foods
in the diet, the gut microbiota can maintain a composition and functionality similar to
that of an omnivorous diet [210]. In particular, individuals following animal-based diets
often exhibit an increased abundance of Bacteroides spp. and Clostridia, taxa associated
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with proteolytic fermentation and amino acid catabolism. Conversely, fiber-rich plant-
based diets are linked to higher levels of Prevotella and Ruminococcus, microbes that
specialize in carbohydrate fermentation [2]. A key marker in gut microbial composition is
the Firmicutes/Bacteroidetes (F/B) ratio, which is known to shift in response to dietary
macronutrient profiles. High-protein, low-carbohydrate diets often result in a decreased
F/B ratio, favoring Bacteroidetes, which are more adapted to metabolize fats and pro-
teins. This shift is consistent with observations in carnivorous species, where Bacteroides,
Alistipes, and Bilophila dominate the microbiota [211].

Functionally, these microbial populations harbor genes encoding proteases, urease,
and enzymes involved in amino acid deamination and the production of nitrogenous
waste metabolites such as ammonia and TMA (trimethylamine), precursors to TMAO [212].
These enzymatic capabilities reflect an adaptation to protein-centric substrates and may
underlie the generation of metabolomic signatures such as branched-chain amino acids
and nitrogenous compounds seen in meat-based diets [213].

Regarding omnivores, they have a more diverse microbiota capable of digesting
proteins fats and carbohydrates the predominant bacteria, including Bacteroides, versatile
in fermenting both proteins and carbohydrates; Prevotella, associated with carbohydrate,
particularly in fiber-rich diets [214]; and Firmicutes such as Lactobacillus and Clostridium,
which contribute to both protein and carbohydrate metabolism [215]. Omnivores may
digest plant and animal foods with a balanced microbiota of carbohydrate- and protein-
fermenting bacteria, giving them more nutritional flexibility [216].

In addition, herbivores have a microbiota specialized in fiber fermentation and short-
chain fatty acid SCFA production, which is crucial for energy extraction from plant material.
The main bacterial genera include Ruminococcus, responsible for breaking down cellulose
and complex carbohydrates; Fibrobacter, key in fiber degradation; and Lactobacillus and
Bifidobacterium, which produce beneficial SCFAs through fiber fermentation [217]. Based on
the above, evolutionary adaptations to dietary niches may affect digestion, metabolism,
and health. Concretely, the gut microbiota plays a crucial function in immune regulation,
the synthesis of bioactive compounds, and defense against pathogens [218]. Maintaining
a balanced gut microbiota is essential for host health, as its disruption has been linked to
various chronic diseases, including cardiovascular, hepatic, renal, respiratory, and intestinal
disorders. Understanding how animals adapt their gut microbiota throughout their life
course and under extreme environmental conditions can provide valuable insights into
the microbial modulation of host biology, with potential biomimetic applications for the
prevention and treatment of human diseases [218].

8.2. Impact of High Fiber Intake on Human Gut Microbiota

While fiber intake is fundamental for gut health in omnivores and herbivores, its
impact on individuals with a microbiota adapted to a high-protein, high-fat diet can lead
to significant microbial shifts [219]. Dietary fiber promotes the aforementioned growth
of saccharolytic bacteria such as Bifidobacterium, Lactobacillus, and Prevotella, which are in-
volved in the fermentation of complex carbohydrates and the production of SCFAs. Thus,
adequate fiber intake supports gut microbiota diversity, protects the mucus barrier, and
reduces pathogen risk. However, a low-fiber diet promotes mucus-degrading bacteria like
Akkermansia muciniphila and Bacteroides caccae, leading to barrier erosion and increased sus-
ceptibility to infection [220]. Desai et al. (2016) showed that fiber deficiency shifts microbial
metabolism toward host-derived sugars, thinning the mucus layer and triggering immune
changes [220]. More concretely, a diet rich in fiber supports gut microbiota diversity and
enhances mucus layer integrity, reducing the risk of pathogen infection [221]. Studies using
gnotobiotic mouse models shows that chronic fiber deficiency alters microbial metabolism,
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leading to a shift from dietary polysaccharide fermentation to host mucus degradation. This
process results in the increased proximity of luminal bacteria to the intestinal epithelium
and immune response alterations, such as increased levels of antimicrobial peptides and
inflammation-related gene expression [222].

However, in individuals or species with a microbiota specialized in protein and fat
metabolism, a sudden increase in fiber intake may result in transient dysbiosis, altering
microbial composition and potentially leading to digestive discomfort [223]. Studies sug-
gest that while carnivores have a lower abundance of fiber-degrading bacteria, gradual
exposure to dietary fiber can lead to adaptive microbial changes, increasing the presence of
SCFA-producing bacteria and enhancing gut microbial diversity. It has been demonstrated
in a human study that the composition of the gut microbiota can be swiftly altered by the
short-term consumption of animal-based versus plant-based foods [168]. This alteration
is linked to a reduction in the prevalence of Firmicutes, which metabolize plant-based
polysaccharides, and an increase in the prevalence of bile-tolerant bacteria, including
Alistipes, Bacteroides, and Bilophila. The last of these bacteria has the potential to induce
inflammatory bowel diseases [2]. Another human study demonstrated that, while a 24-h
transition from animal-based to plant-based food can alter the structure of the gut bacteria
(from Bacteroides, which is associated with animal food, to Prevotella, which is linked to
carbohydrates), long-term dietary modification is necessary to reinforce the gut bacteria
enterotypes [10]. The diet is essential for gut health because it promotes the development
of beneficial bacteria, increases microbial diversity, and increases the production of SCFAs.
Additionally, experimental evidence indicates that the intestinal microbiota not only influ-
ences the absorption and synthesis of nutrients and vitamins [224] but also regulates the
absorption of energy from food. For example, research has demonstrated that obesity is
associated with a relative abundance of Bacteroidetes and Firmicutes, and the microbiome of
obese individuals is more efficient in extracting energy from diet. However, the transfer of
their gut microbiota to germ-free mice increases the mice’s total body fat [225].

These findings highlight the importance of dietary adaptations in shaping the gut
microbiota and suggest that extreme dietary shifts, such as transitioning from a high-protein
to a high-fiber diet, may require a period of microbial adjustment for optimal digestion and
metabolic function. The findings also highlight that fiber fermentation by gut bacteria leads
to the production of SCFAs such as acetate, propionate, and butyrate, which contribute to
maintaining intestinal homeostasis and reducing inflammation [132].

9. Hormonal Regulation and Meat Consumption
Hormones play a crucial role in regulating metabolism, appetite, and energy balance,

and diet is a key factor influencing their secretion and function. A carnivorous diet, char-
acterized by high protein intake and minimal carbohydrates, has significant effects on
hormonal pathways, particularly those related to glucose metabolism and appetite control.
Low carbohydrate intake significantly impacts insulin and glucagon regulation [226]. In-
sulin is a key anabolic hormone that facilitates glucose uptake into cells, while glucagon
functions antagonistically, promoting glycogen breakdown and gluconeogenesis to main-
tain blood glucose levels [171].

Research suggests that insulin secretion can be partially stimulated by a high pro-
tein diet, but not to the same extent as carbohydrate consumption [227]. Nevertheless,
the insulin response to protein is contingent upon the amino acid composition, with cer-
tain amino acids (e.g., leucine and arginine) promoting insulin secretion [228]. However,
Kalogeropoulou’s study concluded that leucine supplementation, at a dose comparable
to that found in a high-protein meal, led to an increase in glucagon levels without signif-
icantly affecting serum glucose or insulin concentrations. In this regard, when leucine
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was consumed alongside glucose, there was a notable attenuation of the glucose response,
accompanied by a significant increase in insulin secretion [229]. Additionally, leucine
prevented the expected decrease in glucagon levels that typically occurs with glucose
intake alone. These findings suggest that leucine requires a substantial rise in glucose
concentration to trigger significant insulin secretion, which, subsequently, modulates the
body’s glycemic response to ingested glucose [229]. Regarding arginine, Krause et al.
demonstrated that might enhance β-cell insulin secretion, promote antioxidant and protec-
tive responses, and improve the functional integrity of β-cells and islets in the presence of
proinflammatory cytokines [230,231].

Regarding its antagonistic function, the body primarily relies on gluconeogenesis to
maintain blood glucose levels in the absence of significant carbohydrate intake, which is
why a carnivorous diet tends to increase glucagon production [232]. This change facili-
tates metabolic adaptations, including ketogenesis and increased fat oxidation, which are
prevalent in low-carb, high-protein diets [175]. Dietary ketosis is a physiological condition
that is harmless and results from the regulated and controlled production of ketone bodies
during periods of extremely low carbohydrate intake. Ketone bodies are transported from
the liver to extra-hepatic tissues (e.g., the brain) for fuel consumption [164]. This process
is analogous to the oxidation of fatty acids as an alternative, which conserves glucose
metabolism [164]. Thus, ketone bodies are a highly effective respiratory fuel in comparison
to glucose [164]. Intriguingly, the effects of ketone body metabolism indicate that moderate
ketosis may possess therapeutic potential in a diverse array of common and rare disease
states. Additionally, a recent study carried out by Manninen et al. demonstrated that
a very-low-carbohydrate diet led to a substantial decrease in adipose mass and a corre-
sponding increase in lean body mass [233]. However, though a reduction in carbohydrate
consumption may decrease insulin demand, the long-term maintenance of a meat-based
diet may impact insulin sensitivity. Zelber-Sagi et al. exposed that numerous diseases
are associated with excessive meat [234]. Furthermore, the prolonged heating of meat at
elevated temperatures results in the formation of heterocyclic amines, which have adverse
health consequences. The formation of non-alcoholic fatty liver disease is significantly
correlated with insulin resistance, and it is a substantial public health burden [171]. Kim
et al. also concreted that a dietary pattern rich in red and processed meats and refined
grains diminished insulin sensitivity in comparison to a dietary pattern abundant in whole
grains, nuts, dairy products, and legumes, but only among relatively insulin-resistant
adults [235]. This may be attributed to factors such as heme iron, advanced glycation end
products (AGEs), and saturated fat ingestion.

9.1. Regulation of Leptin and Ghrelin in Response to High-Protein Diets

A high-protein diet, such as a carnivorous diet, influences appetite regulation by
modulating leptin and ghrelin secretion. Leptin, which signals satiety, becomes more
effective in high-protein diets due to increased sensitivity, but since its levels depend on fat
mass, individuals with reduced body fat may experience lower leptin levels, potentially
leading to increased appetite [236,237]. Limited research has been undertaken on the
correlation between dietary protein and leptin levels in humans. A study carried out by
Weigle et al. including healthy participants revealed that an isocaloric high-protein meal
did not affect serum leptin levels but enhanced self-reported fullness. Moreover, an ad
libitum high-protein meal led to reduced circulating leptin levels, as well as diminished
calorie intake, body weight, and fat mass [238].

Conversely, ghrelin, the hunger-stimulating hormone, is significantly suppressed by
high protein intake, promoting prolonged satiety and reduced caloric intake [151]. While
these effects support short-term weight loss and appetite control, long-term hormonal
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adaptations may impact metabolism, with persistent ghrelin suppression and low leptin
levels potentially making sustained weight management more difficult [239]. Research
indicates that the predominant diet abundant in fruits, vegetables, and protein sources
had a favorable correlation with ghrelin, and adherence to a diet abundant in animal
proteins was linked to reduced BMI and blood pressure. However, a diet high in refined
carbohydrates and snacks was linked to reduced adiponectin levels and may lead to insulin
resistance and cardiometabolic risk [240].

9.2. Influence on Energy Metabolism and Weight Homeostasis

Elevated meat consumption correlates with heightened saturated fat intake and di-
minished. Consequently, meat consumption is associated with obesity, cardiovascular
disease, metabolic syndrome, and gastrointestinal malignancies. Animal-based diets are
characterized by elevated levels of leucine and other necessary amino acids, which are
linked to enhanced anabolic potential and muscle protein synthesis [241]. Numerous
research indicates contradictory findings about the actual advantages of animal-based
diets, implying that overall protein consumption may be the most reliable indicator for
maintaining lean muscle mass and enhancing muscle function [241]. One of the primary
metabolic shifts observed in individuals following a high-protein, low-carbohydrate diet is
an increased reliance on fat oxidation and ketogenesis [172]. With limited carbohydrate
availability, the body adapts by breaking down stored fat for energy, leading to higher
ketone production.

Elevated glucagon levels further support this process by promoting lipolysis and
reducing fat storage, facilitating fat loss while preserving lean muscle mass [242]. Addition-
ally, Halton exposed many years ago that protein has a high thermogenic effect, meaning its
digestion and metabolism require more energy compared to carbohydrates and fats [243].
This results in an increased metabolic rate, which can aid in weight maintenance and reduce
fat accumulation. The combination of enhanced fat oxidation and the thermic effect of
protein contributes to improved body composition, as studied by Guarnieri et al. Higher
protein meals/diets increase components of energy expenditure [244], so more recently,
high-protein diets have been shown to reduce fat mass while maintaining or even increas-
ing muscle mass [245]. This is particularly beneficial for metabolic health and long-term
weight control [168]. However, excessive protein intake without proper caloric balance
may lead to unintended weight fluctuations. In fact, Hernandez-Alonso et al. remarked
that elevated dietary protein consumption correlates with a long-term heightened risk of
weight gain and overall mortality in a Mediterranean cohort at elevated cardiovascular
risk [246].

While the short-term benefits of a carnivorous diet include increased satiety, muscle
retention, and fat loss, the long-term metabolic implications remain a subject of research.
Prolonged dependence on high-protein, meat-based diets may pose challenges related to
nutrient balance, gut microbiota composition, and potential metabolic stress [247]. Some
studies suggest that excessive consumption of red and processed meats could contribute to
metabolic disorders if not properly regulated, emphasizing the need for further investiga-
tion into the long-term effects of this dietary approach [27,248].

10. Anthropological Evidence of Scavenging in Early Humans
Archaeological investigations have documented compelling evidence that early ho-

minins engaged in scavenging behaviors, including the consumption of large felids—most
likely lions—approximately 1.84 million years ago at Olduvai Gorge. Cut marks on bones
indicate that early humans gained access to the carcasses only after primary carnivores had
already fed, suggesting a secondary acquisition of meat. This pattern points to the ecologi-
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cal proximity of early hominins to large carnivore guilds and supports the hypothesis of a
mixed subsistence strategy involving both hunting and scavenging [249].

Computational modeling studies have further examined how early hominins com-
peted with other scavengers, such as giant hyenas, for access to carcasses abandoned by
apex predators like saber-toothed cats. These simulations suggest that maintaining an
optimal group size was critical for successful carcass acquisition. Moreover, the availability
of nutrient-rich remains may have played a pivotal role in facilitating the dispersal of early
Homo species from Africa into Eurasia between approximately 1.4 and 0.8 million years
ago [249,250].

Additional lines of evidence indicate that, around 2 million years ago, early hu-
man ancestors adopted confrontational scavenging strategies—also known as “power
scavenging”—in which they actively contested carcasses with competing carnivores rather
than passively collecting remains. The sequence of bone surface modifications, particularly
cut marks superimposed over tooth marks, supports this behavior by suggesting that
hominins accessed carcasses prior to other scavengers [250–252].

Nevertheless, some researchers have challenged the evidence for scavenging among
Neanderthals and early anatomically modern humans, citing taphonomic biases in faunal
assemblages from archaeological sites. These biases may have led to misinterpretations
favoring scavenging over hunting, which, in certain contexts, was likely the primary mode
of animal resource acquisition [253,254].

Despite the debate, scavenging likely provided significant nutritional advantages
to early hominins, particularly in terms of access to animal-derived proteins and lipids,
which were crucial for brain and body growth. Furthermore, this behavior may have
shaped social complexity and group coordination, as collective effort was often required
to compete effectively with other scavengers [250,255,256]. While scavenging was not a
behavior exclusive to early humans—being common among various carnivores—it likely
played a foundational role in shaping the evolutionary trajectory of the genus Homo.

10.1. Analysis of Feeding Strategies in Early Hominins

Feeding strategies in early hominins provide crucial insights into the adaptive path-
ways that shaped human evolution. Recent research emphasizes the dietary diversity and
ecological flexibility exhibited by early hominin species, along with the socioecological
factors that influenced their subsistence behaviors [257]. The following analysis synthesizes
key findings from contemporary studies:

Early hominins likely employed opportunistic feeding strategies. Observational stud-
ies of wild chimpanzees reveal behavioral parallels, particularly among juveniles, who
self-supplement their diets by consuming readily accessible, nutrient-rich resources such
as marrow and decayed wood. This behavior may have enabled young hominins to meet
their metabolic demands while avoiding the risks associated with foraging at a distance
from maternal protection [258,259].

Extractive foraging, especially the excavation of underground storage organs such
as roots and tubers, appears to have been a significant component of early hominin diets.
These carbohydrate-rich foods were abundant in open habitats and offered a reliable
energy source even under challenging environmental conditions. The practice of extractive
foraging also required tool use and may have facilitated intra-group food sharing, thereby
fostering cooperative behavior [58,260].

Species such as Homo and Paranthropus demonstrated remarkable dietary flexibility
across a range of paleoenvironments. Stable isotope analyses suggest that their diets
incorporated both C3 plant resources (e.g., fruits and leaves) and C4 resources (e.g., tropical
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grasses and sedges) [3,261,262]. This dietary versatility would have enabled them to thrive
in ecotones ranging from wooded savannas to open grasslands.

Food sharing emerged as a key behavioral adaptation among early hominins, partic-
ularly regarding extracted plant foods. Sharing likely evolved as a cooperative strategy
that enhanced group survival and cohesion. For instance, females were observed to share
food with offspring and unrelated males under certain mating systems (e.g., pair bonding),
potentially laying the groundwork for the emergence of complex social behaviors [260,263].

Certain australopithecines developed morphological adaptations, including robust
jaws and thick molar enamel, which were suited for processing hard foods such as nuts
and seeds. However, microwear analyses and isotopic data suggest that these items did not
consistently dominate their diets, indicating a broader dietary repertoire than previously
assumed [3,264–267].

In sum, early hominins exhibited significant adaptive flexibility through opportunistic
feeding, extractive foraging, and cooperative food sharing. These strategies not only
enhanced survival in variable environments but also played a fundamental role in shaping
the evolutionary trajectory of the human lineage.

10.2. Evidence of Access to Meat Through Opportunistic Scavenging

Extensive research has provided compelling evidence that early hominins accessed
meat through opportunistic scavenging, offering critical insights into their subsistence
strategies and ecological adaptations. One of the most direct examples comes from the
DS site in Bed I of Olduvai Gorge, dated to approximately 1.84 million years ago. At this
site, early hominins scavenged carcasses left behind by large felids, most likely lions. Cut
marks on bones indicate that hominins gained access to the remains only after primary
carnivores had consumed part of the prey, underscoring the opportunistic nature of their
behavior [249].

Across Africa, early hominins are thought to have frequently scavenged defleshed
carcasses left by both modern and extinct felids. In southern Europe, they exploited remains
left by saber-toothed predators such as Megantereon and Homotherium, suggesting a degree
of ecological flexibility in their scavenging strategies based on regional conditions [268].

Historical and ethnographic studies further support the idea that opportunistic waste
collection has been a viable subsistence strategy among hunter–gatherers under specific
environmental constraints. Archaeological evidence from sites in South America demon-
strates the use of animal remains collected in similar contexts, reinforcing the evolutionary
relevance of scavenging behavior [269].

Opportunistic scavenging enabled early hominins to access high-calorie animal-
derived resources, such as meat and marrow, which were instrumental for brain and
somatic development. This behavior illustrates their adaptability in exploiting available
resources according to ecological opportunity. Moreover, it likely influenced social coopera-
tion and technological innovation, as processing scavenged remains often required the use
of tools.

10.3. Comparison with Other Scavenger Species and Its Evolutionary Relevance

Comparative analysis of early human scavenging strategies and those of other scav-
enger species reveals important dynamics in human evolution and Pleistocene ecosystems.
One key interaction involved competition between hominins and hyenas for carcasses
abandoned by saber-toothed felids. Simulations suggest that hominins needed to maintain
an optimal group size—approximately 10 individuals—in order to compete successfully
with hyenas, which were highly specialized “hypercarnivorous scavengers” [250,270,271].
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Lions and saber-toothed tigers frequently left behind carcasses rich in edible tissues,
which early hominins accessed through confrontational scavenging—actively contesting
access to carcasses with other carnivores. In Africa, they exploited remains abandoned by
modern lions, while in Eurasia, hominins competed for carrion with large felid species
such as Megantereon and Homotherium [272,273].

11. Metabolomics and Protein Digestion in Humans
Protein digestion involves the breakdown of dietary proteins into amino acids, which

are then absorbed and utilized by the body. One important metabolite is blood urea
nitrogen (BUN), which is produced in the liver when proteins are broken down. BUN levels
can indicate protein intake as well as kidney function. High-protein diets, such as those in
carnivorous eating patterns, tend to increase BUN levels due to the increased breakdown
of amino acids. Another key metabolite is creatinine, a byproduct of muscle metabolism.
Creatinine levels are often used to estimate kidney function but can also reflect muscle
mass and protein metabolism. Both elevated creatinine and BUN levels can be observed in
individuals consuming large amounts of animal protein, as mentioned above [194]. This
dietary pattern compromise health status, as it was highlighted by previous researchers how
a raised protein diet may be related to elevated serum urean and urinary calcium excretion
in obese or type 2 diabetic subjects, contrasted to a normal or low protein pattern [274].
Moreover, raised meat and processed meat consumption has been linked to inflammatory
events as well as cardiovascular diseases [275].

Protein digestion and metabolism generate various byproducts, primarily ammonia
and urea. The digestive process for proteins begins in the stomach, where hydrochloric
acid enhances denaturalization protein and pepsin then breaks down the protein molecules
into smaller peptides. These peptides are then further broken down into amino acids in
the small intestine by proteolytic enzymes secreted by the pancreas, such as elastase, car-
boxypeptidase, trypsin, and chymotrypsin, as well as by aminopeptidase and dipeptidase,
secreted by the small intestine. Then, these amino acids are absorbed through the intestinal
lining and transported to the liver through hepatic portal vein, where they are used for
various metabolic processes [276].

Ammonia is a highly toxic compound produced during the breakdown of amino acids,
and its accumulation can be harmful in the organism. To prevent toxicity, the liver converts
ammonia into urea through the urea cycle, a crucial metabolic pathway that ensures safe
nitrogen elimination. This cycle consists of a series of enzymatic reactions developed in liver
cells. It begins with the formation of carbamoyl phosphate from ammonia and bicarbonate
in the mitochondria, followed by the synthesis of citrulline. Citrulline is extracted to
cytosol, and through further transformations located in this area, urea is produced and then
transported to the kidneys for excretion in urine. This process is essential for maintaining
nitrogen balance and preventing the harmful effects of ammonia accumulation [277].

The identification of these metabolites is crucial for understanding protein metabolism.
Factors such as dietary protein intake influence the efficiency of the urea cycle. High-protein
diets, particularly those rich in animal proteins, lead to increased amino acid breakdown,
resulting in higher ammonia production and, consequently, greater urea synthesis [278,279].
Thus, if the liver or kidneys are unable to process or eliminate these byproducts efficiently,
their accumulation may indicate metabolic stress or impaired organ function [280]. In
clinical settings, metabolic markers like BUN and creatinine help assess protein metabolism
and organ health. Hence, it has been pointed out by previous researchers thar elevated
levels of circulating BUN enhance protein carbamylation and produce reactive oxygen
species, which, in turn, increase oxidative stress, inflammation, endothelial dysfunction,
and the risk of cardiovascular disease [281].
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BUN reflects the efficiency of ammonia conversion and urea excretion, while creatinine,
a byproduct of creatine phosphate breakdown in muscle tissue, provides insight into muscle
mass and kidney function. Nevertheless, contrary to what has been thought for many
decades, a recent meta-analysis suggests that creatine supplementation did not significantly
affect serum creatinine levels or plasma urea values. These findings imply that creatine
supplementation does not cause renal damage when taken in the studied amounts and
durations [282]. These findings suggest controversial results relating to creatine levels.
Thus, more research is needed to confirm that high creatine intake may have a negative
impact in general health status.

Amino acids derived from protein digestion are essential nutrients for the growth
and maintenance of organisms. Mammals can synthesize approximately half of the 20 pro-
teinogenic amino acids, while the other half are essential and must be acquired from the
diet. The absorption of amino acids is mediated by a set of specific amino acid transporters,
along with the transport of di- and tripeptides. This process depends on the type of amino
acids, as it has been described different types of transporters, depending on the charge
(neutral, cationic, or anionic amino acids), as well on the size of amino acid (transport of
glycine, proline, and beta amino acid, dipeptides, and tripeptides). These transporters
provide amino acids for systemic needs and for enterocyte metabolism. Absorption is
largely complete by the end of the small intestine, where most amino acids are taken up.
The large intestine also plays a role in mediating the uptake of amino acids derived from
bacterial metabolism and endogenous sources [283].

The absorption of amino acids can vary significantly between carnivorous and mixed
diets. Thus, there are significant differences in amino acid composition among various
plant-derived proteins or plant-based protein sources. Carnivorous diets, which are high in
animal proteins, tend to provide a more complete profile of essential amino acids compared
to mixed diets that include plant proteins [284,285]. In contrast, most plant proteins have
a lower content of essential amino acids and are often deficient in one or more specific
amino acids, such as lysine and methionine [284]. Regarding absorbability, it has been
described that animal proteins are generally more easily digested and absorbed than plant-
based protein, leading to a higher bioavailability of amino acids [286]. Additionally, plant
proteins often contain antinutritional factors that can inhibit protein digestion and amino
acid absorption, including fiber and tannins [287].

Moreover, recent research has shown that the ingestion of plant proteins, such as soy
and wheat, results in lower post-meal muscle protein synthesis compared to an equivalent
amount of animal protein [288]. The reduced anabolic properties of plant-based proteins
can be attributed to differences in protein digestion as mentioned above, but also to amino
acid absorption kinetics. Thus, previous studies have proposed how the absorption speed
of dietary amino acids varies with the type of protein ingested, affecting postprandial
protein synthesis, breakdown, and deposition. In one study, healthy adults consumed a
single meal containing two intrinsically 13C-leucine milk proteins, casein (CAS) and whey
protein (WP). WP caused a rapid but short increase in plasma amino acids, while casein
(CAS) led to a prolonged moderate increase. CAS inhibited whole body protein breakdown
by 34%, unlike WP. Postprandial protein synthesis was higher with WP (68%) compared
to CAS (31%). Leucine oxidation was lower with CAS, resulting in a more positive net
leucine balance. Thus, protein digestion speed significantly impacts whole body protein
anabolism, with slow and fast proteins modulating the metabolic response [289]. These
results enhance the importance of this difference in amino acid absorption, as it may impact
overall protein metabolism and muscle synthesis.
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12. Metabolomics of Lipid Metabolism in Carnivorous Diets
Carnivorous diets, characterized by an almost complete restriction of carbohydrates

and a predominant consumption of animal products, induce profound metabolic adap-
tations. One of the most interesting areas is the reprogramming of lipid metabolism,
evidenced by state-of-the-art metabolomic techniques. This chapter explores how ketone
bodies and fatty acids become major sources of energy, how lipid synthesis and oxidation
are regulated in hyperproteic contexts, and what metabolomic profiles emerge in states of
prolonged physiological ketosis.

12.1. Utilization of Ketone Bodies and Fatty Acids as Primary Energy Sources

Carnivore diets represent a subset of ketogenic dietary strategies characterized by a
high intake of animal-based products and the partial or complete exclusion of plant-derived
foods [290]. These dietary patterns have gained increasing popularity in recent years [291],
leading to notable shifts in nutritional behavior. Ketogenic diets have demonstrated benefi-
cial effects on blood pressure and other cardiovascular risk factors, particularly through
mechanisms related to weight loss [292]. These trends have garnered scientific interest
due to their potential impact on lipid metabolism and overall population health. Through
metabolomic profiling, a specific array of bioactive metabolites has been identified, emerg-
ing both as dietary biomarkers and as potential mediators of cardiometabolic risk and
broader health outcomes [293]. Carnivore diets, especially those rich in red and processed
meats, exert a profound influence on lipid metabolic pathways. Within this context, ke-
tone body metabolism emerges as a central node in physiological energy homeostasis,
highlighting the need to identify metabolite signatures that can serve as reliable dietary
biomarkers [294]. Ketone bodies are primarily synthesized in the liver from acetyl-CoA
generated through β-oxidation, and are subsequently distributed to peripheral tissues for
oxidation, enhancing the bioenergetic availability of fatty acids [295]. These molecules are
intricately linked to fundamental metabolic networks in mammals, including fatty acid
oxidation (FAO), the tricarboxylic acid (TCA) cycle, gluconeogenesis, de novo lipogenesis
(DNL), and sterol biosynthesis [296].

Ketone bodies and fatty acids demonstrate optimal utilization as primary energy
substrates under various physiological and pathological states. In advanced heart failure,
ketone oxidation is upregulated as a compensatory mechanism while fatty acid metabolism
is downregulated [297–299]. During prolonged exercise, ketone bodies enhance endurance
capacity by shifting substrate preference away from carbohydrates and fatty acids [300,301].
In hypoglycemia, ketone bodies effectively substitute for glucose, preserving cognitive
function and hormonal counter-regulation [302]. In the developing brain, both ketone
bodies and fatty acids serve as critical energy substrates supporting cellular growth and
differentiation [303]. Under ketotic conditions, such as fasting or adherence to a ketogenic
diet, fatty acid oxidation predominates, sometimes at the expense of ketone utilization [304].
Additionally, in glioblastoma models, both fatty acids and ketone bodies are metabolized to
sustain tumor growth, indicating a flexible substrate usage [305]. Across these contexts, ke-
tone bodies frequently emerge as efficient and adaptive energy substrates during metabolic
stress or altered homeostasis [306].

In the context of carnivorous diets, characterized by minimal carbohydrate intake, the
human body undergoes profound metabolic adaptations to utilize fatty acids and ketone
bodies as its primary energy sources. During states of reduced glucose availability, such as
fasting or high-protein, high-fat diets, fatty acids are mobilized from adipose tissue and
transported to the liver. There, they undergo β-oxidation within hepatic mitochondria,
yielding acetyl-CoA. When the capacity of the tricarboxylic acid (TCA) cycle is saturated,
excess acetyl-CoA is diverted toward ketogenesis, resulting in the production of ketone bod-
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ies such as β-hydroxybutyrate and acetoacetate. These ketone bodies are released into the
bloodstream and taken up by peripheral tissues, including the brain, where they serve as ef-
ficient alternative fuel substrates [307]. Beyond energy provision, ketone bodies participate
in cellular signaling and modulate inflammatory and oxidative processes, highlighting their
relevance in maintaining energy homeostasis under carbohydrate-restricted conditions, as
seen in carnivorous dietary patterns [308]. Under such conditions, the body’s reliance on
ketone bodies (i.e., β-hydroxybutyrate, acetoacetate) and free fatty acids (FFAs) increases
substantially to meet energetic demands. Hepatic mitochondrial β-oxidation is markedly
upregulated, driving an accumulation of acetyl-CoA beyond TCA cycle capacity, thereby
enhancing ketogenesis [309]. In peripheral tissues, ketone bodies are metabolized through
enzymatic pathways that generate two molecules of acetyl-CoA from β-hydroxybutyrate,
which subsequently enter the TCA cycle. Notably, ketone bodies may yield more energy
than glucose owing to their elevated chemical potential; the high ∆G3 of ATP hydrolysis
under ketotic conditions, driven by the redox properties of β-hydroxybutyrate, contributes
to enhanced mitochondrial efficiency [310].

During ketosis, insulin typically activates key enzymes involved in pathways that
promote the storage of carbohydrate-derived energy. In the absence or severe restriction
of dietary carbohydrates, the resulting decline in circulating insulin levels leads to a
downregulation of lipogenic pathways and reduced fat accumulation. After several days
of fasting or a substantial reduction in carbohydrate intake (typically below 50 g/day),
glucose reserves become insufficient to support both the normal oxidation of fatty acids,
due to limited oxaloacetate availability in the tricarboxylic acid (TCA) cycle, hence the
adage “fat burns in the flame of carbohydrates”, and the obligatory glucose supply required
by the CNS [311]. Metabolomic studies have revealed sustained elevations in plasma β-
hydroxybutyrate concentrations (>1 mmol/L), along with distinct acylcarnitine profiles
indicative of increased fatty acid oxidation (FAO) overload, reflecting a systemic metabolic
shift toward lipid-based energy metabolism [312].

During sustained carbohydrate restriction, as occurs in ketogenic or carnivorous
diets, the human body undergoes a profound metabolic shift that favors the utilization of
fatty acids and ketone bodies as primary energy substrates. Elevated plasma levels of β-
hydroxybutyrate (βHB) reflect a marked upregulation of hepatic ketogenesis, wherein fatty
acids mobilized from adipose tissue are oxidized in the mitochondria to produce acetyl-
CoA. When acetyl-CoA production surpasses the oxidative capacity of the tricarboxylic
acid (TCA) cycle, the excess is diverted toward ketone body synthesis. Once released
into the bloodstream, these ketone bodies are taken up by peripheral tissues, such as
skeletal muscle, the heart, and the central nervous system, where βHB is converted back to
acetoacetate and subsequently to acetyl-CoA, fueling the mitochondrial respiratory chain.
This mechanism is metabolically efficient, yielding a higher ATP/O2 ratio than glucose
or long-chain fatty acids, and generating fewer reactive oxygen species. As a result, the
metabolomic profiles of individuals in physiological ketosis exhibit sustained elevations in
βHB alongside reductions in glucose, pyruvate, and lactate, characterizing a lipid-dominant
bioenergetic phenotype [313]. β-Hydroxybutyrate (βOHB), long regarded as an energy
carrier from liver to peripheral tissues during fasting or exercise, has more recently been
identified as a signaling molecule. βOHB acts via extracellular receptors and serves as an
endogenous inhibitor of histone deacetylases (HDACs). These findings support a model
in which βOHB functions as a molecular link between environmental factors—such as
diet—and gene expression via chromatin modification [314].
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12.2. Regulation of Lipid Synthesis and Oxidation in Response to High-Meat Diets

Carnivorous diets strongly inhibit hepatic de novo lipogenesis (DNL), regulated by
insulin, SREBP-1c, and ChREBP. Low insulin signaling represses acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FAS) activity, while PPARα and CPT1A are activated,
promoting lipid oxidation [315,316]. In humans, metabolomic quantification has revealed
a reduction in malonyl-CoA and plasma citrate, key metabolites of DNL, along with
an elevation in acylcarnitines and ketone bodies [317]. These findings correlate with a
decrease in RQ (respiratory quotient). A metabolic dependence on lipids at rest and during
exercise was visualized in this study. Aerobic endurance exercise performed by well-trained
cyclists was not compromised by four weeks of ketosis. This was achieved by a dramatic
physiological adaptation that conserved limited carbohydrate stores (both glucose and
muscle glycogen) and made fat the predominant muscle substrate at this submaximal
power level [318].

The study by [319] demonstrates that exogenous elevation of ketone bodies, particu-
larly β-hydroxybutyrate (βHB), has significant metabolic effects on the regulation of lipid
metabolism in humans. Oral administration of ketone esters caused a sustained decrease
in plasma levels of free fatty acids (FFA), triglycerides (TG), and glucose, even in the post-
prandial state, suggesting an acute inhibition of lipolysis and a reduction in the availability
of lipogenic substrates. This modulation occurs independently of the dietary state and is
mediated in part by the action of βHB on receptors in adipose tissue (such as GPR109A),
suppressing lipid mobilization [319].

In the context of carnivorous diets, characterized by high protein and fat intake
and low carbohydrate availability, these findings indicate that the high and sustained
presence of ketone bodies can act as a negative regulator of endogenous lipid synthesis
and as a metabolic signaler that enhances fatty acid oxidation by decreasing the need for
hepatic re-esterification. Thus, exogenous ketone supplementation under conditions of
high meat intake could amplify the oxidative responses of lipid metabolism characteristic of
physiological ketosis. In the state of physiological ketosis, characterized by elevated plasma
β-hydroxybutyrate (βOHB) levels, epigenetic adaptations emerge that are measurable
through specific metabolomic profiles. Shimazu et al. (2013) demonstrated that βOHB acts
as a selective endogenous inhibitor of class I histone deacetylases (HDAC1 and HDAC2),
resulting in a widespread increase in histone acetylation, particularly at residues H3K9 and
H3K14 [320]. This epigenetic modification activates the transcription of genes associated
with resistance to oxidative stress, such as FOXO3A and MT2, whose pathways are enriched
in key tissues such as the kidney. The correlation between circulating levels of βOHB and
histone acetylation suggests an integrative role of ketone bodies as sensor metabolites
linking cellular energy status with gene regulation. From a metabolomic perspective, this
type of adaptation translates into a distinctive profile characterized not only by elevated
ketonemia, but also by indirect biomarkers of epigenetic modulation and reduced oxidative
damage, reinforcing the concept that physiological ketosis activates protective pathways
beyond energy provision.

12.3. Metabolomic Profiles of Individuals in Physiological Ketosis

In states of physiological ketosis induced by carnivorous or ketogenic diets, metabolomic
profiling consistently reveals a distinct biochemical signature. This includes elevated cir-
culating levels of β-hydroxybutyrate, acetoacetate, acetone, and medium-chain acylcar-
nitines, alongside marked reductions in plasma glucose, pyruvate, and lactate concentra-
tions [321,322]. Both untargeted and targeted metabolomics platforms have enabled the
differentiation between physiological and pathological ketosis. For instance, individu-
als undergoing ketosis through fasting or nutritional intervention exhibit compensated
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elevations in BCAAs and glutamine, without concurrent increases in potentially toxic ke-
tone intermediates, thereby distinguishing between adaptive and dysregulated metabolic
states [323]. Furthermore, hepatic and skeletal muscle metabolomes from animal models
of ketosis display a substantial depletion of glycolytic intermediates and a concomitant
accumulation of fatty acid oxidation (FAO) derivatives, including 3-hydroxyacyl-CoA
and succinyl-CoA [324]. These molecular adaptations, indicative of a systemic shift to-
wards lipid-centric energy metabolism, may underlie the emerging therapeutic potential
of ketogenic states in conditions such as epilepsy, type 2 diabetes, and neurodegenerative
disorders [307].

The study by Bagheri et al. (2020), offers an in-depth characterization of plasma
metabolites associated with dietary patterns, including profiles reflective of ketogenic or
carnivore-like diets [294]. Through untargeted metabolomic profiling of over 200 metabo-
lites across two large prospective cohorts (the Nurses’ Health Study and the Health Profes-
sionals Follow-up Study), the authors identified distinct lipid-based biomarkers strongly
correlated with diet quality. In individuals adhering to low-carbohydrate, high-fat dietary
patterns, hallmarks of physiological ketosis, there was a marked accumulation of medium-
and long-chain acylcarnitines (e.g., C10, C12, C14 species), indicative of enhanced mitochon-
drial β-oxidation flux. These acylcarnitines serve as transport intermediates facilitating
the translocation of fatty acids into the mitochondrial matrix, where sequential oxidation
generates acetyl-CoA for ATP synthesis [294]. Elevated plasma levels of these metabolites
represent a robust biochemical fingerprint of lipid-dominant energy metabolism. Moreover,
the metabolomic signatures associated with high intake of processed meats (a negative com-
ponent of the Alternate Healthy Eating Index) were enriched in saturated triacylglycerols
(TAGs) and lower in unsaturated plasmalogens, whereas diets rich in polyunsaturated
fats, such as those from fish or plant oils, were associated with highly unsaturated TAG
species. Collectively, these findings support the notion that physiological ketosis yields
a reproducible metabolomic profile marked by specific acylcarnitine elevations and lipid
subclass remodeling. These molecular adaptations reflect both substrate availability and
the metabolic efficiency of lipid oxidation pathways, providing insight into the systemic
metabolic shifts induced by carbohydrate restriction [294].

In the context of physiological ketosis, the work of Cotter et al. (2013) provides com-
pelling evidence that ketone bodies, particularly β-hydroxybutyrate (βHB) and acetoacetate,
not only serve as alternative energy substrates under carbohydrate-restricted conditions
but also exert profound regulatory control over cellular bioenergetics and metabolic sig-
naling [325]. These molecules modulate the mitochondrial redox state (NAD+/NADH),
enhance energetic efficiency by increasing ATP yield per unit of oxygen consumed, and
attenuate reactive oxygen species (ROS) production, particularly in metabolically demand-
ing tissues such as cardiac and skeletal muscle. Metabolomic analyses consistently reveal
a characteristic profile in individuals undergoing sustained ketosis, marked by elevated
circulating levels of ketone bodies, specific medium- and long-chain acylcarnitines, and
the suppression of canonical glycolytic and lipogenic pathways. In addition to their role
as fuels, ketone bodies function as epigenetic regulators through the inhibition of histone
deacetylases (HDACs) and the activation of G-protein-coupled receptors such as GPR109A,
eliciting anti-inflammatory and antioxidant responses.

This distinctive metabolic phenotype, observable in individuals adhering to ketogenic
or carnivore diets, reflects a systemic reprogramming of human energy metabolism that
is now measurable through high-resolution metabolomic platforms. Supporting this no-
tion, Wedekind et al. (2020) demonstrated, through a randomized cross-over intervention
and subsequent observational validation, that intake of red and processed meats signifi-
cantly elevates both urinary and serum levels of acylcarnitines—specifically, acetylcarnitine
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(C2:0), propionylcarnitine (C3:0), butyrylcarnitine (C4:0), isovalerylcarnitine (C5:0), and
stearoylcarnitine (C18:0) [293]. These metabolites are critical intermediates in the mitochon-
drial import and β-oxidation of fatty acids, and their accumulation reflects both enhanced
lipid substrate availability and increased flux through oxidative pathways. Notably, this
metabolomic signature was positively associated with habitual consumption of red meat,
but not white meat such as poultry, implicating the high dietary carnitine and saturated
fat content of red meats in the selective activation of these lipid catabolic pathways. From
a mechanistic perspective, sustained elevations of specific acylcarnitines serve as robust
biomarkers of physiological ketosis and enable precise characterization of the prevailing
bioenergetic state in individuals metabolically adapted to fat oxidation, insights increas-
ingly accessible through advanced mass spectrometry-based metabolomics.

Finally, we found how carnivorous diets induce a profound reconfiguration of human
lipid metabolism. Through the application of advanced metabolomic technologies, distinct
biochemical signatures have been identified that are characteristic of physiological ketosis,
the suppression of de novo lipogenesis, and the upregulation of lipid oxidation pathways.
These adaptive shifts in energy metabolism present a promising landscape for therapeutic
interventions across a range of metabolic and neurological disorders. However, their
long-term implications remain underexplored and warrant comprehensive investigation
through longitudinal, multicenter studies.

13. Impact of a Carnivorous Diet on Modern Human Health
Understanding the impact of high meat consumption on modern human health re-

quires an integrative approach that considers not only clinical and epidemiological data
but also evolutionary context and individual metabolic variability. As human diets shift in
response to cultural trends and nutritional ideologies, the reemergence of carnivorous and
eating patterns focused on meat, such as ketogenic and palaeolithic diets, warrants careful
examination. Therefore, metabolomic tools, combined with genetic and physiological
markers, now allow for a deeper exploration of how these diets influence health outcomes,
moving beyond reductionist paradigms toward personalized nutrition strategies grounded
in biology.

13.1. Benefits and Risks of High Meat Consumption in Contemporary Diets

High meat consumption in modern human diets elicits polarized interpretations,
yet a metabolomic and evolutionary lens provides a better understanding. Meat is an
exceptionally nutrient-dense food, offering a high bioavailability of essential nutrients
including complete proteins, vitamin B12, niacin, iron, zinc, and creatine. These qualities
make meat a cornerstone in ketogenic, low-carbohydrate, and elimination-based diets
aimed at improving satiety, glycemic control, and mental clarity [326,327].

From a metabolomic perspective, meat-based diets induce significant shifts in
circulating metabolites. Notably, ketogenic diets high in animal products elevate β-
hydroxybutyrate and acetoacetate biomarkers of enhanced fatty acid oxidation and ketone
body metabolism while reducing markers of glycemic instability such as lactate and pyru-
vate [328]. Moreover, carnivorous diets also modulate amino acid metabolism, increasing
levels of BCAAs and, potentially, enhancing muscle protein synthesis [329]. However, risks
have been reported in the epidemiological literature, particularly concerning the long-term
consumption of processed meats. Elevated intake of nitrates, heme iron, and advanced
glycation end-products has been linked to oxidative stress and inflammation [330]. Addi-
tionally, concerns over compounds like trimethylamine N-oxide (TMAO) produced by gut
microbes metabolizing meat-derived choline have prompted speculation about increased
cardiovascular risk. Yet these effects are strongly modulated by gut microbiota composition,
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and causal pathways remain unclear [331]. Crucially, population-level dietary data often
fail to disentangle high meat intake from confounding factors such as high intake of refined
carbohydrates, seed oils, and sedentary behavior. Thus, the risks of meat consumption
must be contextualized within broader dietary patterns.

13.2. Relationship with Metabolic and Cardiovascular Diseases

The association between meat consumption and non-communicable diseases, partic-
ularly cardiovascular disease and metabolic syndrome, has long been contested. While
observational studies frequently suggest a positive correlation between red meat intake
and the incidence of coronary artery disease or insulin resistance, emerging evidence from
metabolomics and clinical interventions suggests this relationship is more complex and
non-linear.

When consumed within whole-food, low-carbohydrate dietary frameworks, meat-
based diets have been associated with improved metabolic markers. Studies on Paleolithic-
type diets show significant reductions in triglycerides, improved HDL profiles, and better
insulin sensitivity, even with relatively high saturated fat content [332]. Similarly, ketogenic
diets, which often rely heavily on meat and animal fats, have demonstrated therapeutic
potential in managing type 2 diabetes, obesity, and polycystic ovary syndrome, conditions
rooted in metabolic dysfunction [333]. Metabolomic studies reinforce these findings by
showing favorable shifts in lipid and energy metabolism. Decreased levels of lipotoxic
intermediates (e.g., ceramides) and increased mitochondrial beta-oxidation markers suggest
enhanced metabolic flexibility in individuals on meat-centric diets [328]. Nevertheless,
excess caloric intake, particularly from highly processed meats, may still promote low-grade
inflammation and contribute to obesity in the absence of carbohydrate restriction or physical
activity [330]. The interplay of insulin resistance, endothelial dysfunction, and inflammation
in cardiovascular disease etiology implies that meat is only one component among many
influencing cardiometabolic risk. Therefore, the evidence supports a differentiated stance:
Unprocessed, high-quality meat consumption within carbohydrate-controlled, nutrient-rich
diets does not increase cardiometabolic risk and contributes positively to health outcomes.

13.3. Individual Adaptability and Genetic Differences in Meat Digestion

The impact of meat-heavy diets is also influenced by genetic and epigenetic variability
in digestion, lipid metabolism, and nutrient absorption. Several gene loci have been identi-
fied as key modulators of dietary response, helping to explain interindividual differences
in tolerance and risk. Variants of the APOE gene, especially APOE4, have been associated
with heightened sensitivity to dietary cholesterol and saturated fats. Individuals carrying
this allele may exhibit unfavorable lipid responses to high-meat diets, although outcomes
also depend on broader dietary context and insulin sensitivity [334]. In addition, the FADS1
and FADS2 genes, responsible for the desaturation of omega-3 and omega-6 fatty acids,
show considerable population-level variation. Some ancestral groups that historically con-
sumed high-meat and low-plant diets exhibit efficient endogenous fatty acid desaturation,
suggesting adaptation to low dietary polyunsaturated fat availability [327].

Carnivorous diets may also favor individuals with enhanced ketogenesis-related gene
expressions (e.g., CPT1A, PPARα) and efficient gluconeogenic capacity, traits hypothe-
sized to have evolved in arctic and pastoralist populations where carbohydrate availability
was historically limited [326]. From a metabolomic standpoint, individuals differ sig-
nificantly in the production of metabolites like TMAO, uric acid, and ammonia when
consuming meat. These differences appear to stem from host–microbiota interactions and
gene–environment dynamics, reinforcing the need for personalized dietary recommenda-
tions based on genomic and metabolomic profiles [331]. The convergence of metabolomics
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and nutrigenomics, thus, opens a path toward individualized meat consumption guidelines,
moving beyond one-size-fits-all dietary models.

In sum, while high meat consumption has historically been viewed through a lens of
risk, emerging metabolomic and genetic evidence invites a more nuanced interpretation.
Meat-rich diets can confer metabolic advantages—particularly in carbohydrate-restricted
contexts—and align with certain evolutionary adaptations in human physiology. Nonethe-
less, individual genetic makeup, microbiota composition, and dietary context are critical in
modulating health outcomes. As such, the impact of a carnivorous diet on modern human
health is best understood not as universally harmful or beneficial, but as contingent on
biological individuality and overall dietary patterns.

14. Implications for Contemporary Nutrition
The evolutionary discordance hypothesis posits that numerous contemporary chronic

diseases, including obesity, type 2 diabetes, and select cardiovascular disorders, may have
originated from the pronounced discrepancy between the dietary patterns of Paleolithic
hunter–gatherers and the highly processed diets prevalent in industrial societies [335].
Observational studies and clinical trials have demonstrated that adopting dietary patterns
inspired by ancestral diets can lead to metabolic improvements. These dietary patterns
advocate for the consumption of lean meats, fish, vegetables, fruits, and nuts, while
eschewing ultra-processed and refined sugars [332,336]. However, the application of
these principles to contemporary nutrition is not without nuances and controversies,
particularly when addressing the enormous diversity of foods and human genetic and
cultural evolution.

In this regard, the majority of Paleolithic dietary interventions implemented in clin-
ical settings have been relatively brief (typically ranging from 3 to 12 months) and have
involved modest sample sizes [337,338]. Nonetheless, these studies have demonstrated dis-
cernible trends toward reduced body weight, enhanced glycemic control, and diminished
inflammatory markers [339]. The underlying mechanisms of these beneficial changes have
been attributed to various factors, including an increased intake of high biological value
proteins and a marked reduction in refined carbohydrates. Increased insulin sensitivity
may be related to the lower glucose overload and the presence of a food matrix richer in
micronutrients, antioxidants, and soluble fiber, provided that the paleo version includes
sufficient vegetables [340]. Conversely, recent studies have indicated that a reduction in
the consumption of ultra-processed foods and artificial sweeteners can positively influ-
ence systemic inflammation, a pivotal component in the pathophysiology of metabolic
syndrome [341,342].

Conversely, metabolomics has yielded more precise information regarding the bio-
chemical effects of disparate dietary patterns. A comprehensive analysis of metabolites in
body fluids reveals significant changes in fatty acid utilization and ketone body synthesis
when the diet is oriented towards a majority protein and fat intake [343]. In the short term,
some of these changes have been associated with an improvement in body composition
and lipid profile, albeit with detectable increases in LDL cholesterol in certain individu-
als [344,345]. This observation underscores the necessity for further research to ascertain
whether these alterations in plasma lipids constitute a genuine cardiovascular risk or are
merely a transient metabolic change compensated for by factors such as an increase in HDL
cholesterol or a positive modulation of inflammation.

Moreover, the adoption of strict carnivorous diets has been proposed as a radical
method to revert to purported human hunting and scavenging patterns. A cross-sectional
study of more than 2000 participants following diets based exclusively on meat and animal
products showed that many described benefits in weight reduction, glycemic regularization,
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and overall well-being. However, the study also reported elevations in LDL cholesterol,
fiber deficiency, and possible deficiencies in essential micronutrients such as vitamin C
and folate, which may have implications for bone, cardiovascular, and gastrointestinal
health [346]. The extrapolation of evolutionary biology to everyday practice warrants
caution regarding the long-term adherence and safety of restrictions that omit entire food
groups. From a clinical standpoint, dietary interventions grounded in evolutionary biology
should not be used to justify monothematic and imbalanced dietary patterns.

Conversely, numerous studies have indicated that the most pragmatic nutritional
strategy for the present era would entail the incorporation of components from ancestral
diets, a heightened nutritional density, the elimination of ultra-processed foods, and the
prioritization of quality protein sources [347]. This approach would be informed by the
findings of contemporary nutritional epidemiology, which acknowledge the value of
select whole grains, legumes, and fermented dairy products in the prevention of chronic
diseases [348]. It is plausible that the positive outcomes associated with the Paleolithic
diet are predominantly attributable to the elimination of foods with a high degree of
refining and additives, rather than to the strict restriction of grains and legumes [349]. In
the specific instance of the Mediterranean diet, frequently utilized as a point of reference
in epidemiological research, there is a congruence with the perspective concerning the
significance attributed to the consumption of fresh foods, healthy fats (e.g., olive oil), and a
sufficient intake of vegetables and fruit [350].

The adaptation of individuals to their diets is contingent upon the interplay among
genetics, epigenetics, and the composition of the gut microbiota. Evolution has conserved
fundamental nutritional needs. However, certain recent mutations reflect a specific biologi-
cal adaptation. The persistence of lactase and the increase in AMY1 (salivary amylase) gene
copies are evidence of metabolic plasticity in populations with an agrarian tradition [351].
These variations may influence tolerance to foods that some strict interpretations of evolu-
tionary diet discourage. Consequently, the clinical application of the evolutionary approach
requires a personalized analysis that considers inter-individual variability and promotes
an evidence-based nutritional balance.

Therefore, the proposal for contemporary nutrition is appealing to the extent that it
promotes the abandonment of ultra-processed foods, free sugars, and trans fats, which are
key factors implicated in the growing prevalence of obesity and metabolic syndrome. The
emphasis on minimally processed foods, lean meats, and vegetables aligns with research
findings that demonstrate objective improvements in cardiometabolic health, particularly
in the short and medium term. However, recommendations that advocate for the complete
exclusion of food groups should be supported by substantial evidence that validates the
significance of plant-based foods, which are abundant in fiber, vitamins, and minerals. The
absence of large-scale longitudinal studies and the ambiguity of findings related to lipid
profiles underscore the necessity for cautious interpretation. In this line, the application of
omics technologies, as well as the monitoring of microbiota, could provide more clarity on
which components of the evolutionary diet are truly beneficial and to what extent they are
safely applied in contemporary society.

While evolutionary adaptations supported metabolic flexibility during periods of
intermittent animal-based food consumption, modern diets often diverge significantly
from these ancestral patterns. Contemporary Western dietary habits frequently include
continuous, high-volume consumption of ultra-processed red and processed meats, often
in the absence of corresponding physical activity levels or dietary fiber intake [352]. This
mismatch may contribute to the rise in metabolic disorders, including cardiovascular
disease, type 2 diabetes, and colorectal cancer. The type and processing of meat appear to
be critical mediators of health outcomes [353,354]. Epidemiological studies consistently
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associate high consumption of processed meats (e.g., bacon, sausages, deli meats) with
increased risk of mortality, metabolic syndrome, and inflammatory diseases. In contrast,
moderate intake of unprocessed red meat, when part of a balanced diet, shows more
heterogeneous effects, especially when offset by a high intake of fiber and polyphenol-rich
plant foods [355].

Therefore, it is important to distinguish between the intermittent, unprocessed, and
nutrient-dense carnivory of prehistoric humans—typically shaped by food scarcity and
high physical activity—and the continuous, calorie-dense, and chemically preserved meat
consumption common in industrialized societies [356]. From a metabolomic perspective,
markers such as elevated TMAO, oxidized lipids, and inflammatory cytokines are fre-
quently observed in individuals consuming high levels of processed animal products.
These findings underscore the importance of dietary context, quality, and frequency in
interpreting the evolutionary legacy of carnivorous adaptations.

15. Controversies and Limitations of the Evolutionary Approach
The application of an evolutionary approach to the study of nutrition has given

rise to a substantial debate within scientific literature. Several authors emphasize the
potential to counteract current chronic diseases by reconnecting with the dietary patterns
that dominated much of human evolutionary history, while also pointing to methodological
problems, biases in the interpretation of the fossil record, insufficient number of long-term
studies, and the inability to capture the true diversity of ancestral diets [340,357,358].

One of the primary challenges pertains to the complexity of directly extrapolating the
diet of hunter–gatherers to the present day. The extant archaeological and paleontological
record indicates that hominins consume lean meats and fish, but also plants, tubers, and
fruits. However, these latter elements are more difficult to trace due to their rapid degra-
dation. This preservation bias, which favors the preservation of meat over plant matter,
has led to the underestimation of plant intake in early human diets [359,360]. This has con-
tributed to the prevailing belief that early humans were predominantly carnivorous [361].
Furthermore, the planet exhibits substantial climatic and geographic variability, suggesting
the capacity for diverse human groups to adapt their diets to local resources. The supposi-
tion of a singular, ancestral diet disregards the preponderance of evidence indicating that
flexibility and diversity have been pivotal in the expansion and evolutionary success of
Homo sapiens. This complicates the establishment of a universal dietary prescription for all
human populations.

Another contradictory theory asserts that the human organism has remained geneti-
cally static throughout history and, therefore, is not designed to process foods of agricultural
origin, such as cereals and dairy products. However, population genetic studies contradict
this notion, highlighting recent adaptations [362]. These include the persistence of lactase
in adults from populations with a tradition of livestock farming and the increase in the
number of copies of the AMY1 gene (salivary amylase) in groups with a high consumption
of complex carbohydrates [363]. These modifications, which have occurred in the last
few millennia, demonstrate that human evolution has persisted and that a portion of the
population can benefit nutritionally from the consumption of milk, cereals, or legumes [151].
Despite the absence of uniformity in these adaptations and their non-inclusion across all
ethnic groups, they provide a compelling argument that challenges the rigid interpretation
of agriculture as inherently unnatural.

The assessment of health in pre-agricultural times is also a matter of controversy. The
apparent rarity of degenerative diseases such as arteriosclerosis or diabetes in hunter–
gatherers is often cited as evidence, but it should be noted that life expectancy in these
societies was notably lower than in contemporary times [364]. Moreover, lifestyles in these
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societies were characterized by high physical activity and mortality risks due to infections
or trauma. Conversely, certain tumors or cardiovascular pathologies exhibit an increase
with age, complicating the comparison with past populations that faced vastly different
environmental, health, and demographic conditions [365,366]. Furthermore, the presence
of atherosclerotic lesions in ancient mummies indicates that arteriosclerosis may not be
exclusive to modern societies.

A notable limitation is the absence of long-term follow-up studies. Numerous clinical
trials have demonstrated short-term improvements in cardiometabolic risk factors with
evolution-inspired diets [367]. However, no conclusive evidence is available on long-term
cardiovascular mortality or cancer. Numerous experts in the field of preventive nutrition
argue that the promotion of the exclusion of food groups such as whole grains and legumes
is risky [368,369]. This assertion is based on traditional epidemiological evidence that
shows that their consumption is associated with a lower incidence of chronic diseases.
Similarly, the recommendation to substantially increase animal protein consumption raises
questions about environmental sustainability and carbon footprint, an issue that was not
considered in the Paleolithic era but now has enormous implications for the future [290].

Furthermore, contemporary Paleolithic diets exhibit variability in their specific compo-
nents. Proponents of this dietary approach permit the consumption of certain high-glycemic
fruits, tubers, and vegetable oils, while others adhere to a strict exclusion of these items [370].
These discrepancies are indicative of the challenges inherent in establishing a universally
applicable Paleolithic standard, given the paucity of definitive records and the wide range
of ecological conditions that characterized the habitats of hominids [31]. Consequently,
ancestral dietary proposals may be susceptible to personal interpretation and lack unified
empirical validation.

In the context of diets that are particularly restrictive, such as the carnivorous diet, the
level of controversy rises considerably. While some adherents report positive outcomes,
including improvements in insulin resistance and weight loss, most professionals express
caution [371]. These professionals highlight the absence of fiber, the potential for vitamin
deficiencies, the possibility of renal overload, and the increase in LDL cholesterol as
significant concerns [372]. Additionally, the potential for a biochemical pattern derived
from a high protein and saturated fat intake to augment the risk of atherosclerosis, despite
short-term improvements in glycemia, is a subject of discussion [373]. Thus, the rigidity of
certain evolutionary interpretations stands in conflict with public health guidelines and the
balanced diet proposed by most medical associations, which emphasizes the importance of
dietary fiber and a balanced macronutrient intake.

In this regard, research focused on metabolomics and gut microbiota reveals that
evolutionary adaptation involves the human genome, as well as co-evolution with bacteria
and other microorganisms [374]. It is important to note that any drastic and prolonged
dietary modification has the potential to alter microbial composition in complex ways,
with as-yet unpredictable long-term physiological and metabolic consequences [375]. Due
to the multifaceted nature of the study of evolutionary diet, the most widely accepted
recommendation in the literature is to apply the evolutionary perspective with caution and
to complement its principles with extensive contemporary evidence from clinical trials,
epidemiological studies, and sustainability considerations [376,377].

The evolutionary approach provides significant insights into the importance of reduc-
ing the consumption of ultra-processed foods and maintaining a nutritional profile that
aligns more closely with natural foods. However, there are important limitations in its
application, mainly due to the lack of information. The approach is predicated on a limited
paleontological record, underestimates ancestral dietary diversity and post-Paleolithic
biological evolution, lacks robust studies on long-term outcomes, and often generates
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discrepancies with modern epidemiology, which confirms benefits of certain supposedly
novel food groups. It is, therefore, imperative to acknowledge these limitations and to
adopt a critical and balanced approach in integrating the evolutionary perspective into the
broader scientific literature.

16. Conclusions
This review highlights the evolutionary trajectory of human digestive physiology and

its adaptations to carnivorous and scavenger dietary patterns, drawing on metabolomic,
anatomical, and archaeological evidence. The human metabolic system exhibits remarkable
flexibility, allowing the efficient utilization of fats and proteins, especially under conditions
of carbohydrate scarcity. These adaptations, which once conferred survival advantages,
may now contribute to the prevalence of metabolic disorders in modern societies dominated
by highly processed foods and sedentary lifestyles.

Metabolomic signatures such as ketone bodies, branched-chain amino acids, and
TMAO not only provide insight into ancestral dietary habits but also hold clinical relevance
for modern nutritional strategies. While animal-sourced foods played a pivotal role in
human evolution, the interplay between such diets and contemporary health outcomes
requires nuanced interpretation. Future research integrating personalized metabolomics
and evolutionary biology may offer more precise dietary guidelines aligned with human
physiological capabilities.
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